CONTROL OF EARLY RESPONSES OF ARABIDOPSIS ROOTS TO ABA AND ABIOTIC STRESSES by SEAH SENG WEE
CONTROL OF EARLY RESPONSES OF  
 








SEAH SENG WEE 
HT091081M 
Supervisor: Dr. Xu Jian 
 
A THESIS SUBMITTED FOR 
THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF BIOLOGICAL SCIENCES 










I hereby declare that the thesis is my original 
work and it has been written by me in its entirety. 
 
I have duly acknowledged all the sources of 
information which have been used in the thesis. 
 
This thesis has also not been submitted for any 






SEAH SENG WEE 





 Along my PhD journey, I would like to express my sincere gratitude to my supervisor, 
lab colleagues and friends who have accompanied and helped me along this memorable 
milestone of my life. 
 I am honored to have the guidance and mentorship of Dr Xu Jian, who encouraged and 
provided many exciting ideas and resources to make my research journey an enjoyable one. I am 
also privileged to have mentored eight student researchers over two years and appreciate the help 
they rendered in generating part of the genetic crosses used in this study. Moreover, I am 
thankful to my parents for their endless nurturing and understanding as well as to my other half 
for her continuous motivation and encouragement during these four years. I am ashamed that I 
have spent less time with them during the past four years due to the pursuit of my research 
interest and will make up for them in the near future. 
 I specially appreciate the excellent support and guidance from our research collaborators, 
Profs. Ben Scheres, Dolf Weijers, Malcolm Bennett, Stefan Kepinski and Yunde Zhao. I would 
like to express my sincere thanks to past and current members of the Development Genetics and 
Stem Cell Biology research group Dr Gong Ximing, Dr Wang Yanbin, Dr Dipanjana Ghosh and 
Dr Chu Huangwei for their help and assistance with this research. My thanks also extend to my 
Qualifying Examination panel committee, Profs. Yu Hao, Prakash Kumar and Toshiro Ito, 
together with many wonderful researchers and great research labs that have kindly gifted many 
of the numerous lines needed for the commencement of this study. 
 Together, I would like to thank Profs. Mark Estelle, Jiří Friml, Jian-kang Zhu, 
Lucia.Strader, Hong-wei Xue, Ken-ichiro Hayashi and other research groups for sharing 
published materials. We thank SALK and NASC Arabidopsis stock centers for the transgenic 
lines. We sincerely appreciate Yan Tong for assistance with the confocal laser scanning 





TABLE OF CONTENTS 
ACKNOWLEDGEMENTS i 
TABLE OF CONTENTS ii 
SUMMARY v 
LIST OF TABLES vi 
LIST OF FIGURES vii 
LIST OF ABBREVIATIONS AND SYMBOLS xi 
  
CHAPTER 1: LITERATURE REVIEW 1 
1.1 Root development and regulation in Arabidopsis 2 
   1.1.1 The Arabidopsis root as the model organ of choice 2 
   1.1.2 Hormonal control of root developmental regulation 3 
   1.1.3 ABA is an essential regulator of stress response in plants 3 
   1.1.4 Auxin is an essential regulator of plant growth and development 4 
   1.1.4.1 Polar transport of auxin is required for normal plant growth and development 5 
   1.1.4.2 Auxin gradients are converted to local differentiation events 6 
   1.1.4.3 Endocytotic regulation of PINs turnover fine-tunes the capacity for auxin 
               transport 
7 
   1.1.4.4 Auxin signalling contributes to plant development 9 
1.2 Hormonal regulation on root meristematic and elongation zones 10 
1.3 Objectives and significance of the study 12 
  
CHAPTER 2: MATERIAL AND METHODS 15 
2.1 Plant materials 16 
2.2 Plant growth conditions 17 
2.3 Reagent and stock preparation 17 
2.4 Pharmacological and hormonal treatments 18 
2.5 Phenotype analyses 18 
2.6 Expression analyses 19 
   2.6.1 Analyses of membrane protein abundance by fluorescence signal quantiﬁcation 19 
iii 
 
   2.6.2 Expression analysis using GUS signal quantification 20 
   2.6.3 Expression analysis using Western blot  20 
   2.6.4 RNA isolation and quantitative real-time PCR 21 
2.7 Genetic analyses 21 
  
CHAPTER 3: A common AUX/IAA-dependent mechanism mediates the early 
response of root elongation zone to ABA and abiotic stresses 
22 
3.1 Introduction 23 
3.2 Results 24 
   3.2.1 ABA affects root cell elongation but not meristem and stem cell activity within 
            3.5 h 
24 
   3.2.2 ABA reduces auxin levels at the elongation zone and in the meristematic 
            epidermal cells within 3.5 h 
25 
   3.2.3 ABA downregulates a subset of auxin transport carriers to influence auxin 
            distribution within 3.5 h 
26 
   3.2.4 ABA transcriptionally upregulates AXR3 and represses auxin signalling  
            through AUX/IAAs within 3.5 h 
27 
   3.2.5 ABA represses AUX/IAA-dependent auxin signalling to impair AUX1-, PIN2- 
            and PIN7-dependent auxin transport within 3.5 h 
28 
   3.2.6 ABA represses AUX/IAA-dependent auxin signalling in lateral root cap and 
            expanding root epidermal cells to reduce the size of root elongation zone within 
            3.5 h. 
29 
   3.2.7 Cold and salt stresses influence a common AUX/IAA-dependent auxin 
            signalling pathway to reduce the size of root elongation zone 
31 
3.3 Discussion 32 
  
CHAPTER 4: Control of plant stress response by abscisic acid-triggered 
endocytosis of auxin transporters 
38 
4.1 Introduction 39 
4.2 Results 40 
     
iv 
 
   4.2.1 ABA and environmental stresses affects AUX1 and PIN2 PM abundance 
            within 3.5 h 
40 
   4.2.2 ABA reduces PM abundance of AUX1 and PIN2 by promoting their  
            endocytosis and trafficking within 3.5 h 
41 
   4.2.3 ABA abolishes the inhibitory effect of auxin on AUX1 and PIN2 endocytosis 
            within 3.5 h 
43 
   4.2.4 ABA promotes PIN2 internalization independent of TIR1-regulated auxin 
            perception within 3.5 h 
43 
   4.2.5 ABA promotes actin-dependent PIN2 vesicular trafficking through 
            transcriptional regulation of PLDzeta2 within 3.5 h 
44 
   4.2.6 ABA does not target PIN2 for degradation within 3.5 h 46 
   4.2.7 ABA inhibits PIN2 recycling to the PM within 3.5 h 47 
   4.2.8 Model of ABA regulation of PM AUX1 and PIN2 endocytosis, cellular 
            trafficking and recycling 
48 
4.3 Discussion 49 
  




Table 1 List of primers used for quantitative real-time PCR 56 
Table 2 List of plant materials/lines used 60 
  








Post-embryonic plant development is guided by an integration of environmental and 
intrinsic signals to determine a specific developmental regulation. Here, we explore the role of 
ABA in Arabidopsis root elongation zone to reveal developmental and cellular insights into its 
regulation. We uncover a unique regulatory crosstalk between ABA and auxin acting through 
AXR3, which acts through auxin transporters AUX1 and PINs to regulate the auxin distribution 
at the root epidermal and lateral root cap tissues. Moreover, at the cellular level, we demonstrate 
that ABA enhances PLD 2-facilitated vesicular trafficking to downregulate auxin transporters to 
redistribute inter and intra-cellular auxin distribution in an actin-dependent manner. ABA 
treatment promotes the endocytosis and inhibits the recycling of auxin transporters, in turn 
sequestering them in endosomal recycling compartments. This fine-tuning of membrane 
abundance of auxin transporters allows for a novel rapid non-transcriptional regulation of auxin 
transport. Taken together, our findings provide both the tissue and cellular basis for the role of 
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1.1 Root development and regulation in Arabidopsis 
Plant root growth and development is highly plastic as plants strive to rapidly 
recognize and adapt to the various environmental conditions (Lynch, 1995; Malamy, 2005). 
Amongst the different plant organs, the plant's roots system is in direct contact with the 
growth environment. Roots not only acquire nutrients and water for the sessile organism, but 
also provided a means to survey continuously the growth environment of the soil, which is 
used by the plant to orchestrate developmental changes, such as tropisms and root systems 
architecture development. 
1.1.1 The Arabidopsis root as the model organ of choice 
For over 30 years, the small dicotyledonous angiosperm Arabidopsis thaliana from 
the Brassicaceae family has been employed to study the molecular biology of many plant 
traits. As the first plant genome which is fully sequenced in 2000 (Arabidopsis, 2000),  the 
model dicot provides a good platform for detailed systematic analysis of plant-specific gene 
functions including root development. The Arabidopsis root exhibits a simple tissue 
organisation which is rotationally symmetric where all the developmental stages are present 
in a single transparent organ. The primary root system architecture can be segmented into 
three distinct developmental zones: the meristem zone (where cells divide in transit), the 
elongation zone (where cell differentiating and expanding) and the maturation zone (where 
cells are differentiated) (Fig. 1). Within the primary root tip, a small pool of stem cells 
surrounds the quiescent center, which generates cells that divide, differentiate and expand 
while they transit the meristem into the maturation zone. The root exhibits a clear radial 
organisation with distinct tissue types within the distal meristem, elongation and maturation 
zones from the outer to the inner layers: epidermis, cortex, endodermis, pericycle & 
stele/vasculature. At the root tip, the proximal meristem comprises of the columella stem 
cells, columella cells, along with a distinct extra tissue layer termed the lateral root cap is 
distinct outside the epidermis of the proximal meristem (Dolan et al., 1993).  
To sustain the root meristem and rate of root growth, the regulation of the rates of cell 
division and elongation-differentiation are tightly integrated. Cell differentiation initiates at 
the boundary of the distal meristem and elongation zone, often termed transition zone, until 
the appearance of morphological markers such as root hair in the epidermal cells or vascular 
xylem strands of the stele cells, which indicates the completion of differentiation and the 






1.1.2 Hormonal control of root developmental regulation 
Phytohormones play a crucial role in regulating the plant’s growth and development 
processes (Gray, 2004). Moreover, phytohormones are also important for mediating 
responses to both biotic and abiotic stresses (Lee and Luan, 2012; Peleg and Blumwald, 
2011). To permit the plant to adapt continuously to perturbations to their growth 
environment, these hormones integrate different environmental signals or cues to 
subsequently modify its developmental program accordingly (Lee and Luan, 2012).  
Amongst the five major classes of known phytohormones namely abscisic acid 
(ABA), auxin, cytokinins, ethylene and gibberellins, ABA is the well-known regulator of 
stress response in plants. ABA functions to affect the developmental status of the plant by 
unifying and coordinating the appropriate responses to stress situations (Lee and Luan, 2012), 
through its effects on inhibition of cell cycle (Wang et al., 2011). Auxin is involved in root 
patterning and gravitropic response (Band et al., 2012; Blilou et al., 2005; Mironova et al., 
2010; Ottenschläger et al., 2003). Moreover, cytokinins and gibberellins regulate the balance 
between cell division and differentiation, in determining the meristem size and to promote 
cell elongation (Dello Ioio et al., 2007; Růžička et al., 2009; Ubeda-Tomas et al., 2009). On 
the contrary, ethylene inhibits root growth by regulating cell elongation (Růžička et al., 
2007). Although individual phytohormones exhibit distinct effects on root system regulation, 
recent studies have started focussing on how different phytohormones interact to play a key 
role controlling seedling growth and development, providing a clearer understanding of some 
of the interactions while raising new questions on how root development can be so intricately 
controlled.  
1.1.3 ABA is an essential regulator of stress response in plants 
ABA-mediated gene responses play an important part in plant morphogenesis as well 
as responses to environmental stress and plant pathogens (Adie et al., 2007). In preparation 
for winter, ABA is produced by the plant to slow down the overall rate of plant growth 
(RodríGuez et al., 1991). Moreover, seed germination is inhibited by ABA in antagonism 
with gibberellins (Rodriguez-Gacio Mdel et al., 2009). For plants to adapt to less favourable 
growth environments, ABA production is triggered in the roots in response to decreased soil 
water potential as well as under other abiotic stresses (Koiwai et al., 2004; Zhang et al., 






transpiration thus preventing further water loss from the leaves (Ismail et al., 2002; Li et al., 
2011a). 
In seedlings, several physiological adaptive processes necessary for the continued 
survival of the seedlings are triggered by elevated ABA levels under abiotic stresses such as 
water-deficit, cold and high salinity environments (Xiong et al., 2002). In plants, ABA 
signalling initiates with signal perception by the ABA receptor, followed by the 
phosphorylation and dephosphorylation signal transduction events by protein kinases and 
phosphatases, and subsequently triggering the responses mediated by transcriptional 
regulators at all levels by targeting the ABREs and DREs  (Fujita et al., 2005). As ABA 
signalling plays a vital role in directing the adaptive response, there remains the need to look 
in depth into exploring the intricacies of the signal generation transduction and subsequent 
gene transcriptional events with many questions yet unresolved. The ABA response pathway 
has been tightly interwoven with plant metabolism and not only downstream ABA-directed 
but also other phytohormone-directed developmental programs and growth responses (Hong 
et al., 2013).  
1.1.4 Auxin is an essential regulator of plant growth and development 
Auxin is a major morphogenesis phytohormone in plants. It typically acts in concert 
with, or in opposition to other plant hormones (Teale et al., 2008). The phytohormone auxin 
plays important roles in many aspects of plant growth and development ranging from embryo 
formation to tropic responses. Auxin is often used to promote initiation of adventitious roots 
(Gutierrez et al., 2012; Xu et al., 2005) and can also be used to promote uniform flowering, to 
promote fruit set, and to prevent premature fruit drop. Auxin coordinates development at all 
levels in plants, from the cellular level through organs and ultimately the whole plant. 
Auxin directly stimulates or inhibits the expression of specific auxin-response genes 
by targeting for degradation members of the Aux/IAA family of transcriptional repressor 
proteins. The degradation of the Aux/IAAs leads to the de-repression of Auxin Response 
Factors (ARF) -mediated transcription. In 2005, it was demonstrated that the F-box protein 
TIR1, which is part of the ubiquitin ligase complex SCF-
TIR1/AFB
, is an auxin receptor 
(Dharmasiri et al., 2005). Upon binding of auxin, TIR1 recruits specific transcriptional 
repressors for ubiquitination. This ‘marking’ process through ubiquitination leads to the 






to expression of specific genes in response to auxin. On the cellular level, auxin is essential 
for cell growth, affecting both cell division and cellular expansion (Campanoni and Nick, 
2005; Perrot-Rechenmann, 2010). Auxin can affect organ patterning, for example, stems 
turning toward light sources (phototropism), roots growing in response to gravity 
(gravitropism) (Moulia and Fournier, 2009; Whippo and Hangarter, 2006). Throughout the 
plant's life, auxin helps the plant maintain the polarity of growth (Boutte et al., 2007). 
Moreover, they participate in wounding response, apical dominance and ethylene 
biosynthesis in regulating root development. 
In plants, de novo auxin can be produced from multiple pathways (Zhao, 2010). 
Auxin can be synthesised from both tryptophan (Trp) -dependent and -independent pathways. 
Moreover, indole-3-acetic acid (IAA), which is native and highly abundant auxin in plants, 
could be hydrolysed from IAA conjugates through hydrolytic cleavage. Within the well-
studied Trp-dependent pathway which accounts for majority of the in vivo auxin 
biosynthesis, it can be sub-classified into the indole-3-acetaldoxime (IAOx) and 
glucosinolate, the indole-3-pyruvic acid (IPA) and the YUCCA (YUC) pathways. Recently, 
several key genes from the Trp-dependent pathways have been identified using molecular 
genetics approaches (Mashiguchi et al., 2011; Won et al., 2011) and have thus provided a 
clearer view of how auxin biosynthesis can define the distribution of auxin, the facilitation of 
auxin transport and consequently the cellular auxin levels available for nuclear auxin 
signalling and activation of auxin responsive genes regulating plant development. 
1.1.4.1 Polar transport of auxin is required for normal plant growth and development 
Auxin controls many key patterning events in plants. It regulates and selects cells for 
organogenesis of the shoot apex, apical dominance as well as for embryo axis formation. 
Auxin is transported from the shoot down to the root tip. This is facilitated by the presence of 
auxin transporters such as the influx transporter, AUX1/LIKE AUX1 (LAX) family and the 
efflux transporter comprising of the PIN-FORMED (PIN) family of proteins, which are well 
characterised. In addition, the PHOSPHOGLYCOPROTEIN (PGP) class of ATP-BINDING 
CASETTE (ABC) transporters could facilitate both influx and/or efflux transport (Blakeslee et 
al., 2007; Cho et al., 2007; Kubes et al., 2012; Noh et al., 2003; Terasaka et al., 2005). These 
transporters are localized in the plasma membrane (PM) and their combinatorial action of 






gradient that is essential for many developmental processes such as gravitopism response 
(Blakeslee et al., 2005). 
 
Auxin, indole-3-acetic acid (IAA), is first synthesized in meristematic regions at the 
shoot apex and subsequently transported towards the root tip in an acropetal flow. Within the 
root (where auxin biosynthesis also occurs), it undergoes an basipetal flow along the root 
cortical and epidermal tissues towards the elongation zone where it undergoes a reflux loop 
towards the root tip again (Blilou et al., 2005), thereby facilitating the formation of a 
localized auxin concentration gradient (Grieneisen et al., 2007). At the cellular level, 
directional auxin transport allows for local accumulation of auxin in target cells to trigger the 
adaptive developmental processes. 
 
Directional or polar auxin transport is mediated by the polarized sub-cellular 
distribution of proteins at the plasma membrane. Auxin is a weak acid (pKa = 4.75) 
undergoes protonation in the acidic environment of the cell wall (pH 5.5). There, the 
diffusion of the lipophilic, protonated IAAH is enhanced into the cell through a family of 
AUX1/LAX putative H
+
/auxin symporters located on the plasma membrane. Within the 
neutral cell interior (pH 7), the deprotonated IAA
-
 is trapped and its efflux is facilitated by a 
family of PIN efflux carriers and PGP facilitators. The chemical nature of IAA also suggests 
the need for efflux carriers to address the otherwise rate-limiting step of auxin efflux. 
Moreover, the correlation of the polarity of PIN localization with the direction auxin of 
transport, suggesting that PINs play a role in direction of intercellular auxin flows. Taken 
together, plant developmental programs are modulated by the vectorial information conferred 
by the polarized auxin transport. 
 
1.1.4.2 Auxin gradients are critical for local differentiation events 
 
A robust local concentration gradients of auxins (Grieneisen et al., 2007), coordinated 
by polar auxin transport, have been hypothesised to determine the positioning of organ 
primordial and stem cell niche, as well as to define distinct developmental growth regions 
(such as the meristematic and elongation zone). Within cells, intracellular auxin level is 
regulated by PIN5 and PIN8, which localised to the ER lumen (Ding et al., 2013; Mravec et 
al., 2009). These intracellular PINs provide another level of coordinating auxin homeostasis 






PIN8 thus reduce the availability of auxin for PM-based intracellular auxin flow (Ding et al., 
2013; Mravec et al., 2009). More recently, PIN-LIKES (PILS), a novel putative auxin 
transport facilitator family, have been characterised to regulate cellular auxin homesostasis. 
Similar to PIN5/8, PILs are localised in the ER, where enzymes responsible for IAA 
metabolism are compartmentalised (Barbez et al., 2012). In turn, cellular auxin levels will 
regulate the expression of auxin-responsive genes through nuclear-based auxin signalling, to 
determine the cell fate and to coordinate cell division or differentiation. 
 
1.1.4.3 Endocytotic regulation of PINs turnover fine-tunes the capacity for auxin 
transport 
 
 Cells sense and communicate the environmental signals perceived to other cells 
through the regulation of information exchange at the plasma membrane (PM). In animal 
cells, ligand-induced activation of PM-resident signalling receptors leads to the initiation of 
downstream effectors. To prevent excessive ligand-induced activation of cellular signalling 
responses, the need for a delicately balanced homeostatic regulatory loop can be established 
by means of negative feedback. Cellular studies on signalling receptor tyrosine kinases 
(RTKs) and G protein-coupled receptors (GPCRs) as well as the developmentally important 
signalling factors, cytokines, Notch, transforming growth factor-β (TGFβ) and Wnt  have 
revealed the importance of a balance between signalling output and receptor endocytosis. 
 
Within plant cells, this information exchange involves dynamic modulation of the PM 
protein abundance, localisation and turnover, to modulate the signal perception and solute 
transport of phytohormones. For instance, signalling receptors, solute transporters and other 
PM proteins enter the endocytotic pathway to be sorted into various endosomal 
compartments, providing an efficient means of regulating the activity if the PM proteins 
through its turnover. PM proteins that are endocytosed are either continuously cycled 
between the PM and the endosomes or are irreversibly targeted for degradation in the lytic 
vacuoles or lysosomes. 
 
In plants, the mechanisms revolving how developmental fates and polarity of cells are 
defined is a central theme of auxin-regulated development (Dhonukshe et al., 2008b; Gao et 






gradient (Grieneisen et al., 2007; Petersson et al., 2009), which is further fine-tuned by sub-
cellular dynamics of endocytosis, recycling, degradation, transcytosis or polar targeting of 
these auxin transporters. In plants, PIN family of efflux carriers are well-characterised 
(Muday and Murphy, 2002) and they mediate the asymmetric auxin distribution within 
tissues by integrating endogenous and exogenous signals, consequently shaping plant 
development. The importance of PINs is demonstrated by the role of five PM resident PIN 
genes (PIN1/2/3/4/7) which regulates cell divison and expansion in the primary root through 
the control of intercellular auxin distribution (Blilou et al., 2005). 
 
Recently, it has been shown that auxin inhibits PIN endocytosis though the 
mechanisms remain unclear (Paciorek et al., 2005). PIN2 endocytosis was demonstrated to be 
inhibited by auxin and could act through the SCF
TIR/AFBs
-dependent or the AUXIN-BINDING 
PROTEIN 1 (ABP1)-dependent auxin signalling pathway (Pan et al., 2009; Robert et al., 
2010). Moreover, the effects of environmental stimuli and other phytohormones could also 
modulate PIN trafficking and auxin distribution. For instance, gravity and light regulates 
PIN2 targeting to the vacuole for degradation (Abas et al., 2006; Laxmi et al., 2008). 
Phytohormones such as cytokinin controls PIN1 vacuolar targeting for lytic degradation 
respectively (Marhavy et al., 2011). In addition, jasmonic acid and gibberellic acid regulates 
root gravitropism by selectively targeting PIN2 endocytosis and its vacuolar trafficking 
(Lofke et al., 2013; Sun et al., 2011).  
 
Emerging evidence indicates that auxin influx and efflux transporters are distinctly 
regulated in their subcellular trafficking routes (Feraru and Friml, 2008; Kleine-Vehn et al., 
2006; Kleine-Vehn et al., 2008a). Studies of AUX1 trafficking at protopholem cells reveal it 
is actin-dependent but it is independent of the BFA-sensitive ARF GEF GNOM, which 
facilitates PIN trafficking (Geldner et al., 2003; Kleine-Vehn et al., 2008a). On the contrary, 
while studies of PIN1 trafficking at the protopholem similar indicate actin-dependent PIN1 
subcellular trafficking, this is dependent on the BFA-sensitive ARF GEF GNOM (Geldner et 
al., 2003; Kleine-Vehn et al., 2006). Moreover, PIN1 recycling depends on vacuolar protein 
sorting 29 (ESP29) of the plant retromer complex downstream of GNOM endosomal pathway 
(Jaillais et al., 2007). PIN2 trafficking, however, involves another retromer component 
sorting nexin 1 (SNX1) (Kleine-Vehn et al., 2008b). These findings reveal the importance of 






through regulating PIN sorting to the vacuole. However, it remains to be seen if a parallel can 
be drawn from the current knowledge of the molecular mechanisms governing PIN 
intracellular trafficking and turnover, and if these are conserved under environmental stress 
triggered developmental responses. 
 
1.1.4.4 Auxin signalling contributes to plant development 
Auxin is a pivotal plant hormone that controls many aspects of plant growth and 
development. Cellular auxin levels are defined by homeostatic balance between auxin 
transport, biosynthesis, catabolism, conjugation and sequestration within the cell. Auxin 
signalling is perceived by a small family of F-box proteins TIR1/AFB1/2/3 (Tan et al., 2007; 
Yu et al., 2013), which display distinct differences in their expression and functional 
contribution to the nuclear auxin response. 
In plants, phytohormones that direct adaptive developmental changes in plants rapidly 
activate a select set of early genes (Abel and Theologis, 1996) upon exposure to abiotic 
stresses in unfavourable environments. Auxin is a major player in many aspects of plant 
growth and development. Early-auxin response genes (Hagen and Guilfoyle, 2002) can be 
categorized into three groups: the AUX/IAA gene family, the GH3 gene family, and the 
SAUR gene family (Anai et al., 1998). Amongst these, the AUX/IAA genes have been well-
characterised and studies suggest the crucial role AUX/IAA genes are implicated in auxin-
mediated development. 
 
In Arabidopsis, there are 22 functional Auxin Response Factors (ARFs) and 29 
AUX/IAA proteins, which work in bimodular auxin response pairs to control organogenesis 
(De Smet et al., 2010). AUX/IAA genes have been demonstrated to be upregulated within 5 to 
30 minutes after auxin application (Hagen and Guilfoyle, 2002) to plants or excised plant 
organs. These early auxin response genes encode for short-lived, nucleus-localised proteins, 
which heterodimerize with its partner ARF in the absence of auxin, to either activate or 
repress the transcription of promoter bearing AuxRE auxin responsive elements. By contrast, 
with the presence of auxin, AUX/IAA-ARF proteins will be targeted for degradation through 
ubiquitination by the SCF
TIR/AFBs
 E3 ubiquitin ligase complex that contains the auxin receptor 








Auxin-related phenotypes have been shown in the gain-of-function mutants of these 
AUX/IAA mutations which repress auxin signalling in plants. For instance, both AXR2 and 
AXR3 gain-of-function mutants exhibit agravitropism and could provide us with useful 
insights into the developmental processes that these AUX/IAA proteins regulate (Leyser et 
al., 1996; Nagpal et al., 2000). Moreover, each AUX/IAA-deficient mutant analysed only 
confers subtle phenotypes on growth and development which suggest the functional 
redundancy as well as possible compensation of the other AUX/IAA proteins to buffer the 
loss of any AUX/IAA gene in the single mutant. Hence, the role of availability or stabilisation 
of AUX/IAA proteins highlight the importance of cellular abundance of AUX/IAA proteins 
within TIR1/AFB-Aux/IAA-ARF auxin signalling cascade in fine-tuning the complex web of 
protein–protein interactions that govern root development.  
 
1.2 Hormonal regulation on root meristematic and elongation zones 
In response to both endogenous developmental as well as exogenous environmental 
signals, plants constantly adapt themselves by varying its rates of growth and development. 
In plants, there are two key regions of meristematic activity: the shoot apical meristem 
(SAM) and the root apical meristem (RAM). Many plant developmental regulators that are 
involved in the regulation of meristem activity are either signalling molecules or 
transcriptional factors. These confer the continuity and plasticity of the plant’s adaptive 
developmental responses. Typically, due to the intricacies of the hormonal regulatory 
network, it is possible for more than one hormone to be implicated in certain major 
developmental processes such as meristem regulation. To date, the molecular mechanisms 
underlying hormonal crosstalk is still poorly understood. Furthermore, the coordination of the 
regulatory functions as well as the possible overlap of many hormones makes the dissection 
of the regulation even more challenging. 
In the past few years, numerous research focusing on plant phytohormones have 
implicated the crucial role in the regulation of meristem activity in the roots. For instance, 
cytokinins have been demonstrated to control the rate of meristematic cell differentiation and 
hence root meristem size by antagonizing auxin (Dello Ioio et al., 2008). Cytokinin regulates 
root elongation by acting through ethylene signalling while it regulates root meristem size 






(Růžička et al., 2007; Růžička et al., 2009). Ruzicka and colleagues demonstrated that 
cytokinin modulates the auxin distribution in the root through the expression of several auxin 
transport components (Růžička et al., 2009). This thereby disrupts the cell-to-cell auxin 
transport and the cellular auxin levels which are pertinent for the regulation of the activity of 
the root meristem and consequently its size. 
The root meristematic size is tightly coupled to the rate of quiescent cell (QC) stem 
cell activity, the cell division rates of the root meristem cells as well as the rate of 
differentiation into the elongation zone. In addition, we cannot examine the meristematic 
regulation independently on its own as the meristem size and the elongation zone size acts in 
concert to determine the final primary root length. To date, most studies are directed to either 
the investigation of root meristem or elongation zone alone, which gives a partially occluded 
view about the overall regulatory framework on root systems architecture. For instance, both 
cytokinin and gibberellins have been implicated in the root elongation zone regulation. 
Moreover, cytokinin appears to have roles in both the meristematic and elongation zone 
regulation but details about the complex interactions with other hormones that also regulate 
this process remain sketchy. Moreover, several questions about phytohormonal regulation of 
the meristematic activity remain unaddressed. For instance, the initial signal that sense and 
integrates environmental stresses to subsequently activate downstream hormonal regulation 
events are yet uncharacterized.  
Plants exhibit elevation of basal ABA levels upon exposure to environmental stresses 
(Xiong et al., 2002). This subsequently directs a variety of ABA-mediated gene responses 
that may be interconnected to the signalling pathways of other hormones. Till now, no current 
study has been devoted towards analysing the dynamics of the different hormonal action in 
the regulation of the root cell elongation. We hypothesize that ABA plays the key role in 
delivering this stress signal and mediates not only ABA-related responses but also feed into 
the signalling networks of other hormones to mediate subsequent downstream gene 
responses. This then in a coordinated response exerts the overall regulatory effect on 
meristematic activity, which could veil the early effects of ABA. This is because expression 
profiling during abiotic stress responses such as cold, drought and salinity have revealed both 
ABA-dependent as well as ABA-independent alterations of gene expression (Shinozaki and 
Yamaguchi-Shinozaki, 2000; Zhu, 2002), lending credence that the ABA response can 






signal for the plant to detect and sense environmental stress signals and its potential role in 
regulating the other hormonal responses. 
 
1.3 Research gap, objectives and significance of the study 
Plant root growth and development is highly plastic as plants strive to rapidly 
recognize and adapt to the various environmental conditions. Phytohormones play a crucial 
role in regulating the plant’s growth and development processes. Moreover, these compounds 
are also important for mediating responses to both biotic and abiotic stresses. Amongst them, 
abscisic acid (ABA) is the well-known regulator of stress response in plants (Finkelstein et 
al., 2002). 
Regulation of the endogenous ABA levels permits the plant to adapt its 
developmental programme continuously to perturbations to their growth environment. It is 
widely known that ABA plays differential roles in both positively and negatively regulating 
plant shoot and root development (Pilet, 1975; Watts et al., 1981). However, limited progress 
has been made into understanding the mechanistic insights of the dual nature of the role of 
the sesquiterpene hormone ABA on root growth. Recent studies which suggest that ABA 
promotes root meristem quiescent centre (QC) quiescence and suppresses stem cell 
differentiation (Zhang et al., 2010) deviates from conventional thinking that ABA promotes 
root growth under non-stressed conditions (Barrero et al., 2005). 
However, the regulation of primary root elongation is far more complex and involves 
the contributions of QC activity, meristematic cell division and cell differentiation rates. 
Studies involving the manipulation of endogenous ABA levels from the analyses of ABA 
biosynthetic mutants (Barrero et al., 2005; Lin et al., 2007) and seedlings that are fluridone-
treated (which interferes with ABA biosynthesis) (Spollen et al., 2000) exhibits reduced 
primary root length, which can be restored by application of exogenous ABA (Lin et al., 
2007). Furthermore, ABA biosynthetic mutant over-expression lines show comparable 
primary root length with wild-type (WT) (Lin et al., 2007). These observations cannot be 
explained solely by ABA’s role in the suppression of cell differentiation, cell division and 
stem cell activity (Zhang et al., 2010). 
Recently, ABA has been implicated in the regulation of root growth inhibition 






ABA treatment enhances ARF2-mediated auxin signalling in roots, which in turn repress the 
expression of the homeodomain gene HB33, thereby regulating root development (Wang et 
al., 2011). Moreover, ABA through mediating auxin transport alters the auxin distribution in 
the primary root tips but not at the quiescent center and the surrounding columella stem cells  
(Wang et al., 2011). These findings suggest that ABA effects on root growth inhibition could 
be independent from stem cell niche regulation. 
Since most of the current studies focus on physiological and phenotypic analyses of 
organ level primary root length regulation and at later observation windows (typically 24 h), 
there is a lack of characterisation of the early ABA response at tissue and cellular level, 
which impedes our comprehension of the regulatory framework imposed on root 
development. 
To comprehensively elucidate the role of ABA in regulating root development, we 
utilized a series of genetic, molecular and cell biological approaches alongside phenotypic 
analyses to elucidate the underlying mechanism. To establish if ABA could crosstalk with 
auxin, we will be examining how auxin distribution is being regulated at the tissue and 
cellular level by auxin transport and auxin signalling. In order to link the ABA studies with 
environmental responses, we will be assessing if a common mechanism is shared amongst 
several abiotic stresses during early ABA response and if so, the root tissues types that are 
responsive to ABA. Finally, to dissect if ABA exerts a cellular effect on auxin transport or 
cellular accumulation, we will be analysing the dynamics and turnover of several key auxin 
transporters as well as their targeting to the plasma membrane. 
In this thesis, two major topics including the spatio and temporal regulation of ABA 
and abiotic stress response on root elongation of primary roots in conjunction with auxin 
signalling responses at specific root tissues, as well as the effect of ABA and abiotic stress on 
early cellular trafficking and recycling processes of auxin transporters are discussed in 
Chapter 3 and Chapter 4, respectively. 
Collectively, this study will help us improve the current knowledge on root stress 
response and the mechanistic basis of root adaptive stress response, especially during early 
events. Through the dissection of tissue types that are ABA responsive, key genes rending 
ABA insensitiveness can be targeted at specific domains to help young seedlings better cope 






response on auxin response, to elucidate the auxin signalling and transport processes that are 
affected by ABA, using the root elongation zone development as readout for ABA and 
abiotic stress responses. Finally, we will integrate our findings into the current understanding 
of how early responses to ABA or abiotic stresses could impinge on a common AUX/IAA 















2.1 Plant Materials 
Arabidopsis thaliana ecotypes Columbia (Col-0), Landsberg erecta (Ler), and 
Wassilewskijia (Ws) were used in this study. Mutants, abi1-1 (Armstrong et al., 1995) and 
shy2-3 (Tian et al., 2002)are in Ler background while mutant axr2-5 (Nagpal et al., 2000) is 
in Ws background. The Gal4-VP16/UAS enhancer trap lines J0121, J0571, J0951, J3411, 
Q0990 and Q2500 are from the Haseloff enhancer trap GFP line collection 
(http://www.plantsci.cam.ac.uk/Haseloff) and are in the C24 background.  
 The transgenic reporter lines have been previously described: 35S::DII-venusYFP 
(DII-VENUS) (Brunoud et al., 2012), ASA1::GUS (Stepanova et al., 2005), ASB1::GUS 
(Stepanova et al., 2005), AUX1::GUS (Swarup et al., 2004), AUX1::AUX1-YFP  (Swarup et 
al., 2004), AFB1::GUS (Dharmasiri et al., 2005), AFB2::GUS (Dharmasiri et al., 2005), 
AFB3::GUS (Dharmasiri et al., 2005), TIR1::GUS (Dharmasiri et al., 2005), TIR1:cTIR1-
GUS (Parry et al., 2009), ARF2::GUS (Ellis et al., 2005), ARF5::3nGFP (Rademacher et al., 
2011), ARF6::3nGFP (Rademacher et al., 2011), ARF7::3nGFP (Rademacher et al., 2011), 
ARF8::3nGFP (Rademacher et al., 2011), ARF10::3nGFP (Rademacher et al., 2011), 
ARF16::3nGFP (Rademacher et al., 2011), ARF19::GUS (Okushima et al., 2007), 
CYCB1;1::GUS (Colón-Carmona et al., 1999), DR5rev:GFP (Friml et al., 2003b), 
HS::AXR3NT±GUS (Gray et al., 2001), PIN1::GUS (Benkova et al., 2003), PIN3::GUS 
(Friml et al., 2002b), PIN4::GUS (Friml et al., 2002a), PIN7::GUS (Vieten et al., 2005), 
PIN1::PIN1-GFP (Xu et al., 2006), PIN2::PIN2-GFP (Xu and Scheres, 2005), PIN3::PIN3-
GFP (Žádníková et al., 2010), PIN7::PIN7-GFP (Blilou et al., 2005), PLT1::ERCFP (Xu et 
al., 2006), PLT1::PLT1-YFP (Kornet and Scheres, 2009), PLT2::ERCFP (Kornet and 
Scheres, 2009), PLT2::PLT2-EGFP (Kornet and Scheres, 2009), SCR::SCR-GFP (Wysocka-
Diller et al., 2000), SHR::SHR-GFP (Nakajima et al., 2001), TAA1::GFP-TAA1 (Stepanova 
et al., 2008) and WOX5::ERGFP (Blilou et al., 2005). 
The mutant lines arf1-3/arf2-6 (Okushima et al., 2007), arf6-1 (Okushima et al., 
2005), arf8-2 (Okushima et al., 2005), arf10-2 (Ding and Friml, 2010), arf16-2 (Ding and 
Friml, 2010), arf7-2/19-2 (Okushima et al., 2007), asa1/asb1 (Stepanova et al., 2005), aux1-7 
(Bennett et al., 1996), eir1-1 (Roman et al., 1995), axr2-1 (Nagpal et al., 2000), axr2-5 
(Nagpal et al., 2000), axr3-1 (Rouse et al., 1998), axr3-3 (Leyser et al., 1996), iaa16-1 
(Rinaldi et al., 2012), shy2-3 (Tian et al., 2002), slr-1 (Fukaki et al., 2002), taa1 (Stepanova 






abp1-5 (Xu et al., 2010) had been described previously.  axr3-8 (SALK_065697), iaa14-1 
(N25214) and iaa16 (N105186) were obtained from the European Arabidopsis Stock Centre 
(NASC). 
The following lines are gifts from: 35S::DII-venusYFP (DII-VENUS) (Brunoud et al., 
2012) (Teva Vernoux), YUC8::GUS, YUC9::GUS, yuc8yuc9 (Yunde Zhao); aux1pin2, 
IAA2::venusYFP, PIN2::ERGFP, SHY2::ERGFP, ADF5::GAL4-VP16-GR, PIN2::GAL4-
VP16-GR, WOX5::GAL4-VP16-GR (Xu Jian & Ben Scheres), AUX1::GUS (Marchant et al., 
1999) (Malcolm J. Bennett), HS::AXR3NT±GUS, HS::AXR3-1-GUS, tir1-1, tir1-1/afb1-
3/afb2-3/afb3-4, TIR1::GUS, TIR1::cTIR1-GUS, AFB1::GUS, AFB2::GUS, AFB3::GUS 
(Parry et al., 2009) (Mark Estelle); PIN4::PIN4-GFP (Ximing Gong); CYCD4;1::GAL4-
VP16-GR, AXR3::ERYFP, 35S::AXR3-GFP, AXR3::AXR3-1:GFP and AXR3::AXR3-
1:GR (Yanbin Wang); CO2::PIN2-GFP, CO2::PIN2-GFP pin2, GL2::PIN2-GFP, 
GL2::PIN2-GFP pin2, PIN2::PIN2-GFP, PIN2::PIN2-GFP pin2, SMB::PIN2-GFP, 
SMB::PIN2-GFP pin2, CO2::GAL4-VP16-GR, WOX5::GAL4-VP16-GR, PIN2::GAL4-
VP16-GR (Jian Xu), iaa16-1 (Rinaldi et al., 2012) (Lucia C. Strader), IAA7::2nGFP, 
IAA14::2nGFP, IAA16::2nGFP, ARF5::3nGFP, ARF6::3nGFP, ARF7::3nGFP, 
ARF8::3nGFP, ARF10::3nGFP, ARF16::3nGFP (Rademacher et al., 2011) (Dolf Weijers) 
and pldζ2, pldζ2 PIN2-GFP (Li and Xue, 2007) (Hong-Wei Xue). The UAS activator 
constructs UAS::AXR3 (Yanbin Wang) and UAS::ABI1-1 (Duan et al., 2013) from Malcolm 
J. Bennett in Columbia-0 background are used in this study. The GAL4 enhancer trap lines 
were crossed with UAS::AXR3, UAS::ABI1-1 and the wild type Columbia-0. The F1 
generation was analysed.  
2.2 Plant growth conditions 
 
Seeds were surface-sterilized with 20% bleach solution for 20 minutes and rinsed with 
distilled water at least 5 times. Surface-sterilized seeds were plated on half-strength 
Murashige and Skoog (0.5 MS) medium (Duchefa) with 1% sucrose and 1% agar (pH 5.7) 
and stratiﬁed for 2 days at 4 °C. Seedlings were grown on vertically oriented plates in growth 
chambers under a 16-hr-light/8-hr-dark photoperiod for 4 days. 
 






Sodium chloride (NaCl, Sigma-Aldrich) was supplemented at 50 mM, 100 mM and 
140 mM for analyses of salt stress response. Abscisic acid (ABA, Sigma-Aldrich), 3-
indoleacetic acid (IAA, Sigma-Aldrich), dexamethasone (DEX, Sigma-Aldrich), propidium 
iodide (PI, Sigma-Aldrich), FM4-64 (Molecular Probes), brefeldin A (BFA, Molecular 
Probes), 2,3,5 triiodobenzoic acid (TIBA, Sigma-Aldrich), 1-naphthaleneacetic acid (NAA, 
Sigma-Aldrich), 2-4-dichlorophenoxyacetic acid (2,4-D, Sigma-Aldrich), 5-methyltryptophan 
(5-MT, Sigma-Aldrich), K252a (Sigma-Aldrich), cycloheximide (CHX, Sigma-Aldrich), 
cordycepin, (COR, Sigma-Aldrich), Endosidin 5 (ES5) (Molport), latrunculin B (LatB, 
Sigma-Aldrich), MG132 (Sigma-Aldrich), p-Chlorophenoxyisobutyric acid (PCIB, Sigma-
Aldrich), pyrabactin (Sigma-Aldrich), oryzalin (Orz, Sigma-Aldrich), wortmannin (Wm, 
Sigma-Aldrich), were supplemented from dimethylsulphoxide (DMSO) stock solutions. 
Endosidin 1 (ES1) was a gift from Stéphanie Robert (Robert et al., 2008). These chemicals 
were added either to the liquid or agar medium ½MS plates for the indicated periods of time 
and concentrations. 
2.4 Pharmacological and Hormonal Treatments 
Four-day-old seedlings were transferred onto solid MS media with or without the 
indicated chemicals at the concentrations listed and incubated for 3.5 h at 22°C (unless 
otherwise specified). Drugs and hormones used were as follows: 2,4-D (1 nM or 50 nM), 5-
MT (10 µM), ABA (10 µM), Auxinole (30 µM), BFA (25 or 50 µM), CHX (50 µM), COR 
(400 µM), CytD (30 µM), ES1 (33 µM), ES5 (5 µM), FM4-64 (2.5 µM), IAA (1 nM, 50 nM 
or 1 µM), K252a (0.1 µM), LatB (25 µM), MG132 (10 µM), NaCl (50 mM), NAA (1 or 10 
µM), NPA (10 µM), Orz (20 µM), PEO-IAA (30 µM), PCIB (10 µM), Pyrabactin (10 µM), 
TIBA (30 µM) and Wm (30 µM). Cold and heat treatment was performed under light 
conditions in a 4°C fridge and 37°C incubator respectively. Dark incubation was performed 
by wrapping the treatment medium plates with aluminium foil for 3.5 h at 22°C (unless 
otherwise specified). Inoculation of vertically oriented root tip with auxin (IAA) was 
performed by contact with a 1.5mm
3
 ½ MS agar block supplemented with auxin or DMSO. 
2.5 Phenotype analysis 
For root phenotype analysis, for each condition and stage, at least 25 were examined 
in 4-day-old seedlings with 3 repeats. To assess root growth, the primary roots were initially 






determined from the QC to the first elongating epidermal cell as well as by visual inspection 
of the xylem vessels at the differentiated zone (Fig. 1), which are characteristics of 
differentiated cells.  
To measure root meristem size, elongation zone size and cell size, the primary roots 
were mounted in clearing solution (chloral hydrate solution) for 1 minute prior to imaging 
using differential interference contrast (DIC) optics on a LEICA CTR5000 DIC microscope 
and photographed with a Nikon DS-Ri1 Camera or the Leica TCS SP5 MP confocal laser 
scanning microscope (Leica, Milton Keynes, UK). 
Roots were imaged within 30 minutes of staggered analyses sessions and stitched with 
Canon Photostitch Software with statistical analyses were performed with ImageJ and 
Microsoft Excel 2007 software. 2-way ANOVA and Student’s t-test were used for test of 
significance comparison in the root parameters measured using a p-value threshold of less 
than 0.05 (**) and 0.01 (*) to represent significance of observed differences. 
2.6 Expression analyses 
2.6.1 Analyses of membrane protein abundance by fluorescence signal quantiﬁcation 
Confocal imaging was performed with the Leica TCS SP5 MP confocal laser 
scanning microscope. Fluorescence in roots were stained with PI for 2 minutes and imaged. 
To visualize CFP, GFP, YFP and PI, the following settings were used for both FPs/FM4-64 
which were excited with 488nm and emission collected at 450 to 470 nm (CFP), 510 to 530 
nm (GFP), 520 to 540 nm (YFP) and 610 nm (PI) using the Argon laser at 20% power. Roots 
were analysed within 30 minutes of staggered analyses sessions. Images were stitched and 
edited using the Leica image browser and Adobe Photoshop 7.  
Quantitative confocal microscopy evaluation of the PM protein signals were 
performed with the Leica LCS quantification software and ImageJ (NIH; 
http://rsb.info.nih.gov/ij). All images were taken using the same microscope and laser settings 
for all experiments were identical. Cell border-associated and internal endosomal/vacuolar 
bodies’ fluorescence was separately quantified from at least 15 cells for each treatment. For 
confocal experiments on PM protein analyses, inhibitor of protein synthesis CHX was 
applied for 30 minutes prior treatment and during treatment with the respective chemicals to 






was evaluated with Student’s t test between categories and with ANOVA across treatment 
categories. 
2.6.2 Expression analysis using GUS signal quantification 
GUS histochemical staining was performed by immersing roots in a solution (0.5% 
dimethylformamide, 1 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium 
ferrocyanide, 50 mM sodium phosphate, 0.5% Triton X-100, 1 mM X-Glc) for 30 minutes at 
37°C before rinsing twice in distilled water before imaging of GUS-stained seedlings under 
the DIC. 
To determine the effects of hormonal and pharmacological treatment on cell-cycle 
activity and gene expression activity, the relevant transcriptional-GUS reporters were 
quantified by the intensity of GUS positive spots and regions. GUS intensity analyses were 
performed under split Red Channel from the RGB (Red/Green/Blue) channels and convert to 
HSB (Hue, Saturation, Brightness) and quantify the saturation of the intensity subtracted 
from the background values.  
2.6.3 Expression analysis using Western blot 
Protein extraction was performed as described (Li et al., 2011b). Briefly, protein 
samples were extracted 2 mm from the Arabidopsis root tip and ground into a fine powder in 
liquid nitrogen and the extraction buffer [62.5 mM TRIS-HCl (pH 7.4), 10% glycerol, 0.1% 
SDS, 2 mM EDTA, protease inhibitor tablet (Roche diagnostics), 5% (v/v) β-
mercaptoethanol] was added to the powdered sample. The mixture was vortexed and then 
chilled on ice for 10 min. Samples were centrifuged at 12,000 rpm for 10min at 4° C, and the 
supernatant was collected and stored at –80° C until use.  
Western blot analysis was performed using as described earlier (Ghosh et al., 2013; 
Ghosh et al., 2011). Equal amount of protein Equal amounts of mock and ABA treated 
samples were resolved by 1-D SDS-PAGE. Upon completion of electrophoresis, the proteins 
were electroblotted onto PVDF (Polyvinylidene fluoride) membranes (Bio-Rad). The blots 
were then blocked using 5% (w/v) nonfat dry milk in PBS with 0.1% Tween 20 (PBS-T) 
overnight prior to immunoprobing with antibodies diluted in PBS-T with 1% (w/v) milk for 2 
h each. The primary antibodies used were rabbit anti-GFP (1:1000) from abcam, mouse anti-






conjugated anti mouse IgG (1:2500) and anti rabbit IgM (1:5000) from Santa Cruz 
Biotechnology were used as secondary antibodies and incubation period was 2 h. Three 
washes in PBS-T were carried out between each antibody incubation step. Subsequent 
visualization was performed using ECL substrate (advansta) with tubulin levels as the loading 
control. 
2.6.4 RNA isolation and quantitative real-time RT-PCR 
 Seedlings were grown on MS medium and treated with the indicated 
chemicals/hormones for the indicated times. For RNA extraction, the last 2 mm of the root 
tips were collected and subjected to total RNA extraction using Qiagen RNeasy Plus Kit. 
cDNA was prepared from 300 ng of total RNA using Biorad iScript cDNA Synthesis Kit 
according to manufacturer instructions. Quantitative RT-PCR was performed using Biorad 
CFX384™ Real-Time PCR Detection System. PCR was carried out in 384-well optical 
reaction plates heated for 10 min to 95 °C to activate, followed by 40 cycles of denaturation 
for 60 sec at 95 °C and annealing/extension for 60 sec at 58 °C. Targets were quantified with 
specific primer pairs designed with the Beacon Designer 4.0 (Premier Biosoft International). 
Analyses of gene expression changes were determined by a cut-off value of 50% (half) or 
200% (twice) of control since the samples are harvested from a small region (3mm from root 
tip) to minimise possible errors in analyses. At least three biological samples each were 
analysed with three technical replicates. ACT2 mRNA was used as an internal control. 
Primers used in these experiments are listed in Table 1.  
2.7 Genetic analysis 
To dissect the role of AXR3-1 in auxin transport and distribution regulation, various 
reporter lines AUX1-YFP, PINs-GFPs and DII-VENUS were crossed into HS::AXR3-1-GUS 
transgenic line and axr3-1 mutant. To selectively inhibit ABI1-1 and AXR3 mediated ABA 
signalling and auxin signalling inhibition respectively in the various different tissue types, 
various enhancer trap lines were crossed with the UAS::ABI11-1 and UAS::AXR3 plants to 
generate the F1 control lines. The phenotypic analyses were performed and evaluated using 
the F1 seeds, which are used for DIC imaging or confocal imaging analyses under standard or 
pharmacological treatments. The control reporter or activator lines were generated from 
crosses from wild-type reporter or activator lines Col or C24 wild-type control to generate F1 






CHAPTER THREE  
 
A common AUX/IAA-dependent mechanism mediates the early 







The phytohormone abscissic acid (ABA) serves as an endogenous messenger to 
coordinate multiple aspects of plant growth and development, including the induction and 
maintenance of seed dormancy, the inhibition of the transition from embryonic to 
germinative growth, and the regulation of post-germinative growth under normal and abiotic 
stress conditons (Barrero et al., 2005; Finkelstein et al., 2002; Liang et al., 2007; Tuteja, 
2007; Zhang et al., 2010). Plants respond to environmental perturbations such as cold or salt 
stresses by triggering ABA production (Koiwai et al., 2004; Tuteja, 2007; Zhang et al., 2006). 
During post-germinative growth, ABA plays a crucial role in primary root development and 
growth as well as lateral root formation (De Smet et al., 2003; Wang et al., 2011; Zhang et 
al., 2010). ABA regulates primary root development by maintaining the quiescence of the 
quiescent centre (Zhang et al., 2010), inhibiting the mitotic activity of the root meristem 
(Wang et al., 2011) and reducing cell expansion (Bai et al., 2009). 
 
Besides ABA, several other phytohormones are involved in the regulation of root 
development (Dello Ioio et al., 2007; Gonzalez-Garcia et al., 2011; Hacham et al., 2011; 
Moubayidin et al., 2010; Růžička et al., 2007; Růžička et al., 2009; Ubeda-Tomas et al., 
2009; Wang et al., 2011). Amongst them, auxin is a major player (Overvoorde et al., 2010; 
Saini et al., 2013). Auxin guides root development and growth through its directional 
transport to generate a maximum and gradient (Grieneisen et al., 2007). Auxin transport is 
facilitated by auxin influx carriers, including AUXIN RESISTANT 1/LIKE AUX1 
(AUX1/LAXs) (Swarup and Peret, 2012), and by auxin efflux carriers, including PIN 
proteins (Krecek et al., 2009). These proteins are integral plasma membrane proteins that 
transport auxin into and out of the cell in a cell-to-cell manner; and among them PINs have a 
pronounced polar distribution pattern on the plasma membrane that determines the direction 
of auxin flow (Blilou et al., 2005; Wiśniewska et al., 2006). Within the cell, intracellular 
auxin abundance and distribution is further regulated by the turnover of the transport 
facilitators, which could undergo recycling and degradation in response to environmental 
stimuli (Kleine-Vehn and Friml, 2008; Kleine-Vehn et al., 2011). Besides auxin transport, an 
optimal level of auxin signalling output is critical to ensure fine-tuning of auxin fluxes during 







Accumulating evidence in Arabidopsis indicates that ABA interacts with auxin 
signalling to regulate root growth. Root growth of Arabidopsis mutants with reduced 
sensitivity to auxin, such as auxin resistant 2 (axr2; (Wilson et al., 1990) and auxin 
insensitive 1 (aux1; Bennett et al., 1996), were shown to be resistant to the inhibitory effect of 
exogenously applied ABA (Wang et al., 2011; Wilson et al., 1990). ABA could reduce the 
expression of AUX1-YFP (Swarup et al., 2001) and PIN-GFP (Blilou et al., 2005; Xu et al., 
2006; Xu and Scheres, 2005; Žádníková et al., 2010) fusions in the Arabidopsis root (Wang 
et al., 2011), suggesting that ABA exerts its effects on root growth by affecting auxin 
transport.  
 
The effects of ABA on root growth and gene expression, however, were typically 
analyzed at later time windows, for example, after 24 h of treatment. As a result, there is a 
lack of information conveyed by previous studies about early events of spatiotemporal 
regulation on root development by ABA. To address this shortcoming, here we analyzed the 
effects of ABA on root growth over time. We show that the root elongation zone is most 
sensitive to changes in ABA level; and using elongation zone as a readout for ABA action as 
early as 3.5 h after application we uncover an auxin signalling- and auxin transport-dependent 
mechanism through which ABA causes a reduction in the elongation zone size without 
affecting the meristem and stem cell niche. Moreover, by repressing auxin signalling or 
blocking ABA signalling in a tissue-specific manner and functionally mapping the root 
tissues that confer sensitivity of root elongation zone to ABA, we provide definitive evidence 
that ABA and abiotic stresses such as cold and high salinity represses a common AUX/IAA-
dependent auxin signalling pathway specifically in lateral root cap and elongating root 
epidermal cells to reduce the size of root elongation zone within 3.5 h. 
 
3.2 Results and Discussion 
 
3.2.1 ABA affects root cell elongation but not meristem and stem cell activity within 3.5 
h 
 
To reveal early effects of exogenously applied ABA on root growth, we performed a 
time course analysis of root phenotypes on 4-day-old wild-type (WT) seedlings treated for up 






elongation zones were markedly affected by ABA (Fig. 2A-B). A significant reduction of the 
elongation zone size but not of the meristem size, however, occurred already at 3.5 h after 
exposure of roots to ABA (Fig. 2A-B), which suggested that ABA interferes primarily with 
cell elongation but not with cell division. Consistently, 3.5 h of ABA treatment affected 
neither the number of cortex cells in the meristematic and elongation zones (Fig. 2C) nor the 
mitotic activity of meristematic cells revealed by the expression of a cell division marker 
CYCB1;1::GUS (Colon-Carmona et al., 1999) (Fig. 2D-E). By contrast, the length of cortex 
cells exiting the meristem and those prior to entering the maturation zone, and the average 
length of cortex cells in the elongation zone, were significantly reduced by ABA within 3.5 h 
(Fig. 2C), at which the average length of meristematic cortex cells was unaltered (Fig. 2C). 
Moreover, at this time point starch granule staining in the columella root cap (Fig. 2F) and 
expression of markers of genes required for QC and stem cell patterning remained unaffected 
by ABA (Fig. 2G & 3). Together, our observations suggest that ABA has an early inhibitory 
effect specifically on cell elongation, resulting in a reduction in the size of elongation zone. 
 
3.2.2 ABA reduces auxin levels at the elongation zone and in the meristematic epidermal 
cells within 3.5 h 
 
From 5 h onwards, we observed a significant reduction of CYCB1;1::GUS expression 
(Fig. 2D-E) correlated with the decrease in root meristem size (Fig. 2A-B). This is in 
agreement with a recent study that showed that 36 h of ABA treatment significantly reduced 
the expression of CYCB1;1::GUS in the root meristem (Wang et al., 2011). Moreover, the 
expression of auxin-responsive markers IAA2::GUS (Swarup et al., 2001) and DR5::GUS 
(Sabatini et al., 1999), as well as of AUX1-YFP (Swarup et al., 2001), PIN3-GFP (Žádníková 
et al., 2010) and PIN7-GFP (Blilou et al., 2005) but not of PIN2-GFP (Xu and Scheres, 
2005), was shown to be affected after 24 h or 36 h of ABA treatment (Wang et al., 2011), 
suggesting that auxin signalling and auxin transport may contribute to the repression of 
meristem activity by ABA. We thus asked whether a similar regulatory mechanism is 
operative within 3.5 h of ABA treatment to specifically reduce the size of root elongation 
zone. 
To detect real time changes in live root tissues we used DR5rev::GFP (Friml et al., 
2003a), DII::VENUS (Brunoud et al., 2012) and an elongation zone-specific auxin-






observed that 3.5 h of ABA treatment, in the absence or presence of IAA, strongly induced 
the expression of DII::VENUS in the root meristem and elongation zone (Fig. 4A & D) and 
repressed the expression of BA3::GFP at the elongation zone (Fig. 4B & D). The expression 
of DR5rev::GFP at the distal root tip was however not altered (Fig. 4C & D). These 
observations together indicate that early ABA response leads to a reduction of auxin levels in 
the root meristem and elongation zone, without affecting auxin level at the distal root tip. 
Thus, the inhibitory effect of ABA on the elongation zone might be achieved by reducing 
auxin levels in the root meristem and elongation zone. Consistent with this idea, exogenous 
application of auxin (either 2,4-D or IAA) could alleviate the effect of ABA on the elongation 
zone (Fig. 5E); whereas a reduction in auxin level, caused either by 5-methyl-tryptophan (5-
MT) which inhibits Trp-dependent auxin biosynthesis, or by mutations in the auxin 
biosynthesis genes ASA1 and ASB1, YUC8 and YUC9 or TAA1 (Stepanova et al., 2005; 
Stepanova et al., 2008), abolished the response of elongation zone to ABA (Fig. 5D). 
Quantitative analyses of transcription of ASA1, ASB1, YUC8, YUC9, TAA1 and other genes 
involved in auxin biosynthesis, as well as of abundance of TAA1 protein in the root, however, 
revealed no significant alteration (Fig. 5A-C & 6), suggesting that ABA has no early effect 
on auxin biosynthesis in the root. 
 
3.2.3 ABA downregulates a subset of auxin transport carriers to influence auxin 
distribution within 3.5 h 
 
We next asked whether the effect of ABA on auxin levels in the root meristem and 
elongation zone could be attributed to altered auxin transport; and examined the 
transcriptional and post-transcriptional regulation of AUX1/LAXs and PINs by ABA. We 
found that 3.5 h of ABA treatment enhanced the expression of AUX1::GUS (Marchant et al., 
1999) but not the PIN2::ERGFP or PINs::GUS (Fig. 7A-B) (Benkova et al., 2003; Friml et 
al., 2002a; Friml et al., 2002b; Vieten et al., 2005). Moreover, ABA upregulates AUX1 
transcription but could not affect the transcription of LAX and PIN genes (Fig. 7C). On the 
other hand, the expression of AUX1-YFP, PIN2-GFP and PIN7-GFP, but not PIN1-GFP, 
PIN3-GFP and PIN4-GFP, was downregulated by 3.5 h of ABA treatment (Fig. 8A-C), 
suggesting that ABA regulates AUX1, PIN2 and PIN7 post-transcriptionally and has an early 
effect on basipetal auxin transport which is mediated by AUX1, PIN2 and PIN7. 






weaker expression of DR5::GFP was observed in the root epidermis of WOX5::IAAH (Blilou 
et al., 2005) seedlings grown in the presence of the auxin precursor indole-3-acetamide 
(IAM) and ABA (Fig. 9A & C), suggesting that basipetal transport of auxin synthesized 
specifically in the WOX5-expressing quiescent centre was attenuated by ABA. This effect 
was also observed when an agar block containing IAA was placed to the distal root cap (Fig. 
9B & C). Together, our data indicate that ABA reduces basipetal auxin transport and thus 
auxin level in the root meristem and elongation zone within 3.5 h after application. 
 
Previously, a mutation in the AUX1 gene was shown to confer durable resistance to 
the effects of ABA on root growth over a period of 7 days; whereas pin2 mutants exhibited 
similar insensitivity to the WT to ABA-mediated inhibition of root growth (Wang et al., 
2011). Interestingly, we found that 3.5 h of ABA treatment had no statistically significant 
effects on the size of root elongation zone in aux1, aux1lax123, aux1pin2 and pin2 mutants 
(Fig. 10), confirming a role for AUX1 in the regulation of root cell elongation by ABA and 
suggesting that long-term ABA treatment could mask the contribution of PIN2 and possibly 
other genes in early stages. 
 
3.2.4 ABA transcriptionally upregulates AXR3 and represses auxin signalling through 
AUX/IAAs within 3.5 h 
 
Mutations in AUXIN RESPONSE FACTOR 2 (ARF2) was shown to strongly enhance 
the inhibitory effect of ABA on root growth (Wang et al., 2011), raising the possibility that 
ARF-dependent auxin signalling might contribute to the early effect of ABA on root cell 
elongation. However, we found that 3.5 h of ABA treatment could not alter the transcription 
of ARF2 or other ARFs in the root (Fig. 11A-J) (Ellis et al., 2005; Okushima et al., 2007; 
Rademacher et al., 2011). Moreover, the elongation zone of ARF-deficient mutants, including 
arf1-3/2-6, arf6-1, arf8-2, arf10-2, arf16-2 and arf7-2/19-2 (Ding and Friml, 2010; Okushima 
et al., 2007; Okushima et al., 2005), exhibited a WT-like response to 3.5 h of ABA treatment 
(Fig. 11K), suggesting that ABA may not act through ARFs to exert its early effects on the 
size of elongation zone. 
 
By contrast, we found that the transcription of AXR3 (also known as IAA17), encoding 






ARFs to repress ARF-bound loci (Liscum and Reed, 2002; Weijers et al., 2005), was 
significantly upregulated within 2 h of ABA treatment (Fig. 12A). Two semi-dominant alleles 
of AXR3, axr3-1 and axr3-3 (Leyser et al., 1996), which stabilize the AXR3 protein, could 
confer insensitivity to ABA (Fig. 12B), suggesting that ABA acts through regulating the 
abundance of AXR3 to influence the size of elongation zone. Notably, stabilizing mutations 
in other AUX/IAA genes, SHY2/IAA3 shy2-3 (Tian et al., 2002), AXR2/IAA7 axr2-1 (Nagpal 
et al., 2000), SLR/IAA14 slr-1 (Fukaki et al., 2002), and IAA16 iaa16-1 (Rinaldi et al., 2012) 
whose transcription was not significantly influenced by 3.5 h of ABA treatment (Fig. 12B & 
13), could also contribute to reducing the effects of ABA (Fig. 12B); whereas the AUX/IAA 
deficient mutants, including shy2-31 (Knox et al., 2003), axr2-5 (Nagpal et al., 2000), iaa14-
1, iaa16, and axr3-8, continued to exhibit sensitivity to ABA within 3.5h (Fig. 14). We thus 
conclude that the early response of elongation zone to ABA involves multiple AUX/IAA 
proteins, of which AXR3 might be a key player. 
 
The abundance of AUX/IAA proteins is regulated through interaction with TIR1/AFB 
auxin receptor proteins in the presence of auxin (Yu et al., 2013). Treatment with ABA for 
3.5 h, however, could not alter the transcription of TIR1, AFB1, AFB2 and AFB3 (Fig 15. A-
G) as well as the post-transcription of TIR1 (Fig. 15B), despite that tir1-1 and tir1-1 afb1-3 
afb2-3 afb3-4 quadruple mutants (Ruegger et al., 1998; Schenck et al., 2010) were insensitive 
to ABA (Fig. 15H). These data, together with our finding that exogenously applied auxins 
could alleviate the effect of ABA on the elongation zone (Fig. 5E), suggest that that early 
ABA response is not perceived by the auxin receptors but stabilization of AUX/IAA proteins 
in tir1/afb mutants may abolish their responses to ABA. 
 
3.2.5 ABA represses AUX/IAA-dependent auxin signalling to impair AUX1-, PIN2- and 
PIN7-dependent auxin transport within 3.5 h 
 
We next asked whether ABA utilizes AUX/IAA-dependent auxin signalling to exert 
its early effect on auxin transport. We found that, within 3.5 h treatment with p-
Chlorophenoxyisobutyric acid (PCIB), an anti-auxin known to repress auxin signalling by 
stabilizing AUX/IAA proteins (Oono et al., 2003), the expression of AUX1-YFP, PIN2-GFP 
and PIN7-GFP, but not PIN1-GFP, PIN3-GFP and PIN4-GFP was decreased (Fig. 16A-B), 






weaken the expression of DR5::GFP in the root epidermis of WOX5::IAAH seedlings grown 
in the presence of IAM (Fig. 17); and was able to abolish the response of DII::VENUS and 
root elongation zone to ABA (Fig. 18A-C). Together, these data indicate that the early effect 
of ABA on root elongation zone is primarily mediated by repressing AUX/IAA-dependent 
auxin signalling, which then post-transcriptionally downregulates AUX1, PIN2 and PIN7, 
resulting in defective auxin transport and thus reduced auxin levels in the root meristem and 
elongation zone. 
 
Consistently, we found that 3.5 h of ABA treatment could increase the transcription 
and abundance of AXR3-1-GFP, AXR3-NT-GUS and AXR3-1-GUS  protein in the root (Fig. 
19A-C), and that heat shock-inducible expression of AXR3-1 could also reduce the 
expression of AUX1-YFP, PIN2-GFP and PIN7-GFP (Fig. 20B, D & G). Moreover, 3.5 h of 
ABA treatment, following the induction of AXR3-1, failed to cause changes in DII::VENUS 
expression in the root meristem and elongation zone (Fig. 20A) and to reduce the size of root 
elongation zone further (Fig. 22). Interestingly, PIN1-GFP and PIN3-GFP are also 
downregulated by AXR3-1 induction (Fig. 20C & E) and in the axr3-1 signalling mutant 
(Fig. 21), possibly due to overall auxin distribution changes. These results provide 
converging evidence that AXR3 is involved in the early response of root elongation zone to 
ABA. 
 
3.2.6 ABA represses AUX/IAA-dependent auxin signalling in lateral root cap and 
expanding root epidermal cells to reduce the size of root elongation zone within 3.5 h. 
 
Both AUX1 and PIN2 have expression in the lateral root cap and root epidermal cells 
(Muller et al., 1998; Swarup et al., 2001), where they are known to facilitate basipetal 
transport of auxin from lateral root cap to elongating root epidermal cells in the elongation 
zone (Swarup et al., 2005). Interestingly, AXR3 is also expressed in the lateral root cap and 
expanding root epidermal cells (Fig. 13A). We thus hypothesized that ABA may be perceived 
specifically in the lateral root cap and root epidermal cells by AUX/IAAs such as AXR3. To 
test this hypothesis, we targeted the expression of AXR3 to specific tissue domains using the 
GAL4/UAS system and examined the response of root elongation zone to ABA (Fig. 23 & 
24). We found that expressing AXR3 in lateral root cap (J0951>>AXR3 and J3411>>AXR3) 






ABA on the root elongation zone (Fig. 23B & 24). By contrast, expressing AXR3 in QC cells 
(WOX5>>AXR3 and Q2500>>AXR3) and the rest of the root tissues (ground tissue, 
J0571>>AXR3; endodermis and pericycle, Q2500>>AXR3; and stele, Q0990>>AXR3) did 
not affect the response of root elongation zone to ABA (Fig. 23B & 24), thus confirming our 
hypothesis. 
 
Moreover, we found that, when ABI1-1, a mutation that renders ABI1, a PP2C-type 
protein phosphatase and negative regulator of ABA signalling constitutively active (Duan et 
al., 2013; Leung et al., 1997), was present in the lateral root cap and elongating epidermal 
cells, the root elongation zone became insensitive to ABA (Fig. 23B & 24); whereas presence 
of ABI1-1 in other tissues could not abolish the early effect of ABA on the root elongation 
zone (Fig. 23B & 24).  
 
Since AUX1 and PIN2 exhibit overlapping expression in the lateral root cap and 
epidermal cells, which facilitates their role in basipetal auxin delivery, we next asked if 
complementing auxin transporters into their respective mutants can restore the sensitivity of 
root EZ to ABA. Previously, AUX1 protein exhibits expression in the lateral root cap, 
epidermis, columella and stele tissues (Swarup et al., 2001) and that PIN2-GFP driven under 
the PIN2 promoter (which expresses in epidermal, cortex and lateral root cap tissues) exhibits 
functional complementation of the pin2 (eir1-1) agravitropic phenotype (Xu and Scheres, 
2005). We next examined the root EZ of aux1 roots with tissue-specific expression of 
UAS::AUX1 driven under J0951, M0013 and M0028 GAL4 enhancer trap lines constutively, 
and observed that aux1 root EZ was sensitive to ABA when AUX1 complemented at the 
lateral root cap, epidermis or columella tissues (Fig. 25A-B). We further introgressed PIN2-
GFP driven under the SOMBRERO (SMB) (lateral root cap expressing), CO2 (cortex 
expressing) and GLABRA2 (GL2) (epidermal expressing) into the pin2 mutant (Heidstra et 
al., 2004; Willemsen et al., 2008) and observed these introgressed pin2 lines with tissue 
specific PIN2-GFP expression remains downregulated by ABA similar to wt lines (Fig. 26A-
E), supporting that PIN2 abundance is post-transcriptionally regulated during early ABA 
response (Fig. 8). By contrast, we observed significant root EZ rescue in PIN2 driven but not 
in the CO2, GL2 or SMB driven PIN2-GFP in pin2 background (Fig. 26F), suggesting that 
PIN2 activity in lateral root cap, epidermal and lateral root cap is essential to specify normal 






pin2 was however sensitive to ABA (Fig. 26F), in agreement with our observations that early 
ABA response is perceived by epidermal and lateral root cap tissue (Fig. 23). Taken together, 
our data strongly indicate that ABA acts on AUX/IAA-dependent auxin signalling in lateral 
root cap and expanding root epidermal cells to modulate the size of root elongation zone. 
 
3.2.7 Cold and salt stresses influence a common AUX/IAA-dependent auxin            
signalling pathway to reduce the size of root elongation zone 
 
 ABA has been reported to be involved in the response to various abiotic stresses and 
exogenous application of ABA to plant induces reactions which mimic, at least in part, those 
induced by abiotic stresses (Tuteja, 2007). This suggests that ABA and various abiotic 
stresses utilize common signalling pathways to trigger adaptive developmental responses in 
plants. We thus sought to determine if abiotic stresses such as cold and salinity, which were 
shown to interfere with auxin transport and auxin distribution in the Arabidopsis root 
(Shibasaki et al., 2009; Sun et al., 2008), could also reduce the size of root elongation zone 
within 3.5 h after administration, and if yes, whether a common AUX/IAA-dependent auxin 
signalling is required specifically in lateral root cap and expanding root epidermal cells. 
 
 Our observations revealed that both cold and moderate salt stresses led to a reduction 
of reduction of IAA2::VENUS, AUX1-YFP, PIN2-GFP and PIN7-GFP and root elongation 
zone size within 3.5 h (Fig. 27). Interestingly, the early effects of ABA, cold and salinity 
regulate a common set of auxin transporters, AUX1 and PIN2 (Fig. 27C & E), which is 
involved in basipetal auxin distribution. Notably, our analyses were performed at moderate 
salinity stress (50 mM) (Zolla et al., 2010) but not with high salinity stress (>50 mM) 
analyses by previous studies (Duan et al., 2013; Sun et al., 2008) to avoid secondary effects 
from salinity induced cellular death (Fig. 28).  
 
To ascertain if  a common AUX/IAA-dependent auxin signalling is required for root 
EZ response under environmental stress, we observed AXR3-1 protein induction abolished 
root EZ sensitivity to salt and cold treatment (Fig. 29). Moreover, expressing either ABI1-1 
or AXR3 in lateral root cap (J3411>>ABI1-1, J3411>>AXR3, J0951>>ABI1-1 and J0951>> 
AXR3) and expanding root epidermal cells (J0951>>ABI1-1 and J0951>>AXR3) abolished 






that ABA signalling is involved in the response to cold and high salinity; and revealing for 
the first time that a common AUX/IAA-dependent auxin signalling is required specifically in 
lateral root cap and expanding root epidermal cells to mediate the early effects of cold and 
salt stresses on the root elongation zone. 
 
Recently, chemical ligands such as pyrabactin (synthetic agonist of ABA) (Puli and 
Raghavendra, 2012) and ABA-mimicking ligand (AM1) (Cao et al., 2013), have been 
demonstrated to confer durable resistance to abiotic stress. To assess if the inhibition of ABA 
signalling, auxin signalling and/or auxin transport is able to provide a significant reduction in 
sensitivity to cold and mild salinity effects on root elongation zone, pharmacological 
treatments were performed and reduced sensitivity was observed for inhibitors targeting ABA 
signalling, auxin signalling and auxin transport (Fig. 32A & C) as well as in mutants 
defective in these signalling classes  (Fig. 32B), thus opening room for biotechnological 
application of inhibitors that can be mass-produced cheaply to spray onto crops to confer 




 Root growth rate is determined by an intricate balance between cell division in the 
meristem and cell elongation at the elongation zone, where cells exit the meristem. For 
decades, ABA has been demonstrated to inhibit primary root growth and elongation in plants 
(de la Torre et al., 1972; Mulkey et al., 1983; Nagl, 1972; Pilet and Saugy, 1987; Pilet, 1975; 
Risueño et al., 1971), though the molecular mechanism is poorly understood. Recent progress 
to identify the key regulators involved in the interaction of these two hormones to control 
specific aspects of plant development have implicated ABA-induced changes in auxin 
distribution at the root meristem (Wang et al., 2011) and maintenance of the QC quiescence 
(Zhang et al., 2010) as a mechanism of ABA-regulated root growth. However, most studies 
(de la Torre et al., 1972; Mulkey et al., 1983; Nagl, 1972; Pilet and Saugy, 1987; Pilet, 1975; 
Wang et al., 2011; Zhang et al., 2010) investigated root elongation at the organ level of 
primary root length and focusing on late events of ABA (typically >8hrs). Insights into the 
early events of root elongation are crucial in revealing the spatiotemporal events leading to 
root cellular elongation changes more specifically at the root elongation zone, where cells 







 Emerging evidence have revealed that the root elongation zone, derived from cells 
leaving the meristem which undergo rapid elongation, plays an important role as a signalling 
response nexus in the root (Baluska et al., 2004; Baluska et al., 2010) where hormonal 
network integration converges. Through studies on auxin, cytokinin, ethylene and 
gibberellins, the root elongation zone mediates rectilinear root growth coordinated by the 
developmental cell fates due to the interaction of hormones (Dello Ioio et al., 2007; Růžička 
et al., 2009; Ubeda-Tomas et al., 2009) and is sustained by auxin fluxes facilitated by auxin 
transport acropetally and basipetally (Blilou et al., 2005), which plays a major morphogenetic 
role in developmental processes. In plants, stress responses are tightly coordinated with 
developmental processes though it remains poorly understood the interaction. Moreover, the 
roles of cell identity regulators, which exhibit high tissue specificity, link development with 
stress (Dinneny et al., 2008; Iyer-Pascuzzi et al., 2011). Cell identity regulators mediates the 
ABA responses in a cell-type, developmental-stage, and stress-dependent manner and 
converges on a common set of stress responsive genes (Iyer-Pascuzzi et al., 2011), raising the 
possibility of a universal stress adaptive response by plants during early events of a stressful 
shift in their growth environment. 
 
Our study provides a link between environmental and developmental pathways that 
regulates the early response of roots to adjust and adapt a root to its new environment. We 
show how environmental stresses such as salinity or cold, in conjunction with ABA, could 
morphogenetically alter the root system architecture within a few hours, with the effects 
primary localised at the root elongating zone. Notably, auxin orchestrates and coordinates 
most aspects of plant growth and development (Overvoorde et al., 2010; Vanneste and Friml, 
2009). Moreover, our findings reveal the mechanism underlying the ABA control of plant 
development through interplay with the auxin pathway under stress conditions. We show that 
auxin distribution is repressed at the root EZ by ABA, which is independent of auxin 
biosynthesis, but is regulated by both auxin signalling and auxin transport. Furthermore, a 
common set of polar auxin transporters, namely AUX1 and PIN2 are post-transcriptionally 
regulated by ABA and environmental stress. Consistent with our observations that auxin 
maxima at the root tip is unaltered (Fig. 4C & D), we demonstrate that ABA effects on the 
root elongation auxin distribution could be mediated through the basipetal auxin transport 






transcriptionally upregulated under ABA despite a downregulation of AUX1 protein 
abundance, which we reasoned that this could be due to the roots requiring a higher AUX1 
transcription to replenish the post-transcriptionally regulated AUX1 protein downregulation 
by ABA.  
 
 In addition, our data reveal that the transcriptional regulation of an AUX/IAA gene, 
AXR3/IAA17, by ABA is important for ABA-triggered auxin distribution and transport 
repression. Previously, an auxin response factor, ARF2, which acts downstream of 
AUX/IAAs have been shown to be transcriptionally regulated by ABA within 6 to 24 h 
(Wang et al., 2011). Based on our observations within 3.5 h, we detect neither transcriptional 
changes in ARF expression nor insensitivity of the root EZ by ARF mutants to ABA. 
Interestingly, ABA regulates a specific AUX/IAA, which is early acting than ARFs in auxin 
signalling. Moreover, pharmacological studies using anti-auxins such as PCIB as well as 
inducible AXR3-1 analyses indicate that auxin signalling inhibition is sufficient to facilitate 
root elongation changes, by exerting root auxin distribution and transport repression similar 
to ABA. Moreover, during biotic stress response, salicylic acid inhibits pathogen growth in 
plants through similar AUX/IAA stabilisation (Wang et al., 2007), while the enhanced 
AUX/IAA turnover is adopted by the pseudomonas syringae Type III effector AvrRpt2 in 
promoting pathogen virulence (Cui et al., 2013). We further reveal that ABA could enhance 
AUX/IAA stability which serves as auxin response repressors, suggesting that AUX/IAA 
stability could be a common strategy plants adopt during abiotic stress. 
 
 To further assess if ABA could act in a tissue specific manner, we deployed inducible 
tissue inhibition of ABA and auxin signalling under both spatio-temporal and spatial GAL4 
lines covering the majority of the main tissue types within the arabidopsis root. Previously, 
expression of semi-dominant auxin signalling UAS::AXR3-1 under constitutive stele-specific 
GAL4 driver line J1701 constitutes severe developmental defects (Swarup et al., 2005), 
which could hinder our analyses. Hence, to reduce deleterious effects on root development 
and to achieve a spatiotemporal understanding of ABA regulated root elongation, we 
deployed the native UAS:AXR3, UAS::ABI1-1 (Duan et al., 2013) as well as inducible 
tissue-specific GAL4 lines in combination with constitutive GAL4 lines to dissect the tissues 







Deploying tissue-specific analyses, we dissected the epidermal and lateral root cap 
tissue responsiveness to ABA effects on root elongation through targeted expression of the 
ABI-1 and AXR3, which blocks ABA signalling and repress auxin signalling respectively. 
Moreover, cold and salinity responses on early EZ restriction respond through the similar 
tissues namely the lateral root cap tissues and epidermal tissues. While a recent report 
demonstrate the endodermis as the key tissue layer required for ABA-mediated growth 
repression of the LR during salt stress (Duan et al., 2013) under high salinity conditions (100 
mM), our results indicate that regulation of the primary root elongation zone is distinct from 
that of lateral root development, where a specific subset of tissues responsive to ABA could 
be regulated during environmental stress. In agreement with cold and salinity responses    
(Shibasaki et al., 2009; Sun et al., 2008) on auxin distribution converging on PIN2, a key 
basipetal auxin transporter, acting at the lateral root cap and outer meristematic tissues 
(epidermal and cortex), our observations suggest that environmental stress responses such as 
cold exposure and salinity stress could act through a common mechanism particularly during 
early events of stress exposure. 
 
 At the cellular level, PM PINs and AUX1 proteins control the abundance of 
intercellular auxin flux as well as the intracellular auxin abundance which could in turn fine-
tune the nuclear auxin-signalling to activate downstream auxin responsive genes. The 
turnover of PINs and AUX1 protein at the membrane could represent another level of fine-
tuning by the cells to regulate auxin-mediated developmental processes compared to the 
tissue specific level analyses of auxin distribution as concluded by our observations. 
Currently, it remains elusive the underlying mechanisms governing how ABA perception at 
the plasma membrane could  modulate the auxin signalling or transport locally within a short 
time. Importantly, while our results demonstrate that AUX1, PIN2 and PIN7 are post-
transcriptionally regulated by ABA, we observed that the auxin signalling AUX/IAA17 
(AXR3) is transcriptionally regulated, suggesting that ABA could act on both auxin transport 
and auxin signalling in parallel. Hence, unravelling how both transcriptional and 
transcription-independent effects are mediated by the ABA could be directions for future 
investigations, particularly on subcellular regulation of auxin transporter turnover by means 
of endocytotic, trafficking, recycling or degradation, which could be a non-transcriptional 







 Based on our observations, we propose a model for root EZ size regulation by 
ABA/Auxin interaction (Fig. 33). Early ABA or stress responses rapidly disrupt the auxin 
distribution in roots which is sustained by auxin biosynthesis and transport. ABA represses 
auxin abundance through AUX1, PIN2 and PIN7 post-transcriptional regulation where 
AUX1- and PIN2-mediated basipetal transport flow is pertinent to deliver auxin to elongating 
epidermal cells at the EZ. Moreover, ABA enhances AXR3-mediated auxin signalling 
inhibition which leads to a repression of ARF signalling and consequently DR5 output, which 
could be consequent of long-term ABA effects. At the EZ, AXR3 abundance or AXR3-1 
induction in turn represses AUX1 and PINs, which coordinates the cellular auxin distribution, 
and auxin-dependent cell division and elongation processes (Campanoni and Nick, 2005) 
during adaptive root developmental responses to less favourable conditions. 
Environmental stress signals are highly complicated in nature. The molecular basis 
pertaining to how stress induced ABA production and accumulation could rapidly bring about 
an adaptive developmental response, and how ABA signalling is perceived at outer tissue 
layers such as the epidermis and lateral root cap cells, which presents the first cell layers in 
contact with the environment, is crucially lacking. Previous studies implicate ABA signalling 
inhibition with root growth (Duan et al., 2013; Gosti et al., 1999; Moes et al., 2008) and in 
this work, we demonstrate that targeting ABA and auxin signalling inhibition at lateral root 
cap and expanding epidermal tissues confers overlapping reduced sensitivity to early ABA 
response on root elongation reduction, suggesting that ABI1 and AXR3 could crosstalk. It 
remains exciting for future studies to focus on dissecting the functional basis for ABI1 and 
AXR3 interaction as a convergence of ABA and auxin signalling in planta.  
Our results provided an interesting insight that is interference with auxin signalling or 
auxin transport could rapidly ‘prime’ the plants to slow down auxin-regulated root 
development in anticipation of less favourable growth conditions. Recently, chemical ligands 
such as pyrabactin (synthetic agonist of ABA) on stomata closure (Puli and Raghavendra, 
2012) and ABA-mimicking ligand (AM1) that reduces water loss and promotes drought 
resistance in plants (Cao et al., 2013), provided proof of concept that chemical ligands (which 
can be mass-produced cheaply compared to biologically active ABA, which is more 
expensive to isolate)  can be sprayed over economically important crops to reduce water loss 
and to protect plants against drought under less favourable growth conditions. By targeting 






signalling mechanisms (Melcher et al., 2010), these chemical ligands can rapidly induce the 
plant adaptive response prior to the onset of abiotic stress such as drought or near-freezing 
cold weather.  Conversely, the idea of potentially using auxin signalling or transport 
inhibitors such as PCIB or alkoxy-auxins (Tsuda et al., 2011) which can be cheaply applied 
on a large scale through irrigation of roots, could provide another dimension of conferring 
stress resistance rapidly within a few hours. Indeed, the future of crop production could move 
towards the use of ABA structural analogs or chemicals interfering with auxin signalling or 
transport regulation as priming agents for agricultural use. 
Notwithstanding the stress regulatory functions of ABA in root growth, an optimal 
ABA level is required during non-stress conditions to fine-tune plant growth and 
development including suppression of cell differentiation and promoting stem cell quiescence 
(Barrero et al., 2005; Zhang et al., 2010). Thus, comprehending the underlying molecular 
basis how environmental stress perception leads to the rapid perturbation of normal ABA 
homeostasis and ABA response in affecting root cell elongation remains largely elusive. 
Taken together, this current study provides conclusive evidence that ABA functions as the 
primary environmental signal linking root epidermal tissues and lateral root cap tissues that 








CHAPTER FOUR  
 
Control of plant stress response by abscisic acid-triggered endocytosis 










 Abiotic environmental stresses such as cold, drought and salinity have detrimental 
effects on plant growth and food production (annually lead to losses of up to 80% of the 
theoretical maximal crop yields). Understanding how plants respond and adapt to abiotic 
stresses is essential to efforts to develop crops capable of yielding well over a wider 
geographical range, including marginal lands. Although abiotic stresses do not seem to be 
related between each other, plants appear to respond to them through one single hormone: 
abscisic acid (ABA). The production of ABA is accentuated by abiotic stresses such as cold 
and high salinity and is accompanied by transcriptional changes of a common set of genes, 
indicating that plants respond to various abiotic stresses by activating a general stress 
response (Iyer-Pascuzzi et al., 2011). 
 
 Emerging evidence suggests that the plant growth hormone auxin, implicated 
primarily in developmental processes, may play a critical role in the early response of plants 
to the abiotic stresses. A significant number of auxin-induced or -responsive genes, including 
members of the AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA), PINFORMED (PIN) and 
AUXIN RESISTANT 1/LIKE AUXIN RESISTANT 1 (AUX/LAX) gene families, were shown to 
be differentially expressed in different plant species under various abiotic stress conditions 
(Hannah et al., 2005; Jain and Khurana, 2009; Shen et al., 2010; Shibasaki et al., 2009; Sun et 
al., 2008), indicating cross talk between auxin and abiotic stress signalling. AUX/IAA genes 
encode short-lived transcriptional regulators central to the control of auxin responses (Abel et 
al., 1994), whereas PIN and AUX/LAX genes encode auxin efflux and auxin influx 
transporters respectively, whose activity is regulated by their constitutive cycling between the 
plasma membrane and endosomes (Dhonukshe et al., 2007; Geldner et al., 2001; Grebe et al., 
2002; Kleine-Vehn et al., 2006; Robert et al., 2010). Both cold and high salinity could act 
through ABA signalling to stabilize AUX/IAA proteins expressed in lateral root cap and 
expanding epidermal cells of the Arabidopsis primary root, impair AUX1- and PIN2-
dependent basipetal transport of auxin from the lateral root cap to the expanding root 
epidermal cells and thus specifically reduce the size of root elongation zone within 3.5 h (Fig. 
19, 27 & 29), indicating a common AUX/IAA-dependent auxin signalling pathway and a 
subset of auxin transporters mediate the response of root elongation zone to ABA and abiotic 







 Endocytosis is an essential cellular process occurring in all eukaryotic cells (Samaj et 
al., 2004). Endocytosis in plants, in analogy to mammals, is involved in the internalization, 
recycling or degradation of plasma membrane proteins and serves to mediate a multitude of 
interactions between a cell and its environment, including nutrient uptake and transduction 
and dispersal of hormonal and abiotic stress signals within the cell (Leborgne-Castel and Luu, 
2009). Interesting, ABA has been shown to trigger a selective endocytosis of K
+
 channel 
protein KAT1 (Sutter et al., 2007); whereas auxin negatively regulates endocytosis of PIN 
proteins, raising an intriguing possibility that ABA might repress auxin signalling by 
promoting endocytosis of PIN proteins. Indeed, in this study we show that ABA and abiotic 
stresses such as cold and salinity could enhance endocytosis and retard the recycling of PIN2 
and AUX1, and that abundance of PIN2 and AUX1 on the plasma membrane determines 
sensitivity of root elongation zone to ABA and abiotic stresses. Thus, ABA-regulated 





4.2.1 ABA and environmental stresses affects AUX1 and PIN2 PM abundance within 
3.5 h 
 
 Recent findings link environmental stresses such as cold and salinity exposure to 
plasma membrane (PM) PIN2 abundance regulation (Shibasaki et al., 2009; Sun et al., 2008). 
Since ABA is intricately linked to and environmental stress rapidly upregulates the ABA 
response, we next evaluate if ABA, salinity or cold exposure could affect the abundance of 
auxin transporters involved in basipetal auxin flow using transgenic lines  of plasma 
membrane (PM) resident AUX1::AUX1-YFP and PIN2::PIN2-GFP protein-fusions (Swarup 
et al., 2001; Xu and Scheres, 2005). Our results revealed that both PM AUX1 and PIN2 are 
downregulated under ABA, salt and cold treatment, indicating that intercellular auxin 
transport could be perturbed (Fig. 27 & 34) despite the presence of cycloheximide (CHX) or 
cordycepin (COR) (Fig. 35) (Holtorf et al., 1999; Schneider-Poetsch et al., 2010). Moreover, 
ABA downregulates PM PIN2-GFP abundance, despite being driven by the 35S or PIN1 






downregulation is independent of transcription and protein synthesis. Moreover, ABA affects 
AUX1 and PIN2 specificallu as PM-resident aquaporin PLASMA MEMBRANE 
INTRINSIC PROTEIN1 (PIP1;4) abundance was not altered under early ABA response, 
which is corroborated by similar observations under cold and salinity exposure (Fig. 37). Our 
findings of abiotic stress downregulation of auxin transporters PM abundance hence raises an 
apposite question of how the turnover of auxin transporters is regulated under abiotic stresses. 
 
4.2.2 ABA reduces PM abundance of AUX1 and PIN2 by promoting their endocytosis 
and trafficking within 3.5 h 
 
 In plants, the directional flow of the auxin could mediate multiple developmental 
processes, including patterning and tropisms. Recently, endocytosis via clathrin-mediated 
processes have been demonstrated for PIN2 (Dhonukshe et al., 2007; Kitakura et al., 2011; 
Kleine-Vehn et al., 2011; Leborgne-Castel et al., 2008). Since PM resident AUX1 and PIN2 
are subjected to dynamic turnover, endocytotic and subcellular trafficking to regulate 
intercellular auxin flow, we next asked if the availability of these auxin carriers at the plasma 
membrane could regulate root elongation.  
 
To assess the effects of ABA on of AUX1 and PIN2 turnover, we first monitored the 
dynamics of ABA effects on general endocytosis using Fei Mao dye (FM4-64), in the 
presence of CHX. Notably, we observed enhanced endocytosis in meristematic and 
elongating epidermal cells along with increased intracellular FM4-64 labelling under ABA 
(Fig. 38A-B). Treatment with the pharmacological inhibitors dynasore (a GTPase inhibitor 
that targets dynamin and blocks endocytosis), and Tyrphostin A23 (Tyr A23) (a Tyr analog 
which attenuates clathrin-mediated endocytosis), effectively prevents ABA-mediated PM 
PIN2-GFP and AUX1-YFP reduction (Dhonukshe et al., 2007a) in the presence of CHX (Fig. 
39A-C) and root EZ sensitivity (Fig. 38C). On the contrary, treatment with Tyrphostin A51, 
an inactive structural analog, were ineffective in preventing ABA mediated reduction of root 
EZ sensitivity and PM AUX1-YFP and PIN2-GFP abundance (Fig. 38E & 39A-C). Our 
results thus far provide converging evidence that auxin transporter abundance is regulated 
post-transcriptionally by clathrin-dependent endocytotic turnover by ABA to fine-tune 







 In plants, the recycling and vacuolar trafficking are sensitive to the vesicle trafficking 
inhibitor Brefeldin A (BFA), which induces the clustering of late secretory pathway 
compartments into BFA bodies (Geldner et al., 2001; Lam et al., 2009; Naramoto et al., 
2010) and thereby inhibits the recycling and/or transport of endocytosed proteins to the PM 
and/or vacuoles, is often used to study the recycling and trafficking dynamics in plant cells. 
To unravel the cellular mechanism in which ABA affects endocytosis, the kinetics of the 
BFA-induced PIN2-GFP and AUX1-YFP internalization was assessed in the presence of Tyr 
A23, Tyr A51 or Dynasore co-incubated with ABA in the presence of CHX. We observed 
that 45 min of ABA treatment can exhibit pronounced effects on BFA-induced AUX1-YFP 
and PIN2-GFP internalisation after the simultaneous application of BFA and ABA (Fig. 40), 
implying that ABA effects on PM AUX1 and PIN2 endocytosis is rapid and might not 
require transcriptional regulation. By contrast, co-incubation with inhibitors interfering with 
clathrin-mediated endocytosis, dynasore and Tyr A23, in the presence of BFA and ABA for 
45 min abolished ABA-enhanced accumulation of AUX1 or PIN2 internalisation into BFA 
bodies (Fig. 39A-C), suggesting that ABA regulated AUX1 and PIN2 endocytosis is clathrin-
dependent. Furthermore, treatment with Dynasore or Tyr A23 but not Tyr A51 abolishes the 
EZ sensitivity to ABA (Fig. 38C), supporting the hypothesis that non-transcriptional 
facilitation of AUX1 or PIN2 endocytosis could be a rapid means to regulate inter- and intra-
cellular auxin gradients which coordinates development.  
 
 To provide genetic support if reduction of AUX1 or PIN2 protein abundance could 
indeed leads to a reduction of auxin levels, we inspected the effects of auxin-transport 
inhibitors as well as deficiency of AUX1 and PIN2 on auxin distribution levels, visualised by 
the IAA2::vYFP reporter introgressed into the aux1 and pin2 mutants. Treatment with 1-NOA 
and NPA alone or with ABA, leads to a reduction in basipetal auxin flow visualised by 
IAA2::vYFP in the epidermal tissues and in the EZ (Fig. 41). Moreover, these observations 
are corroborated by a reduction of IAA2::vYFP activity in the aux1 and pin2 background 
alone or with ABA (Fig. 42).  Taken together, these results suggest that ABA and 
environmental stress regulates AUX1- and PIN2-mediated intercellular auxin transport and a 
common theme of environmental stress regulation could center on an auxin distribution 







4.2.3 ABA abolishes the inhibitory effect of auxin on AUX1 and PIN2 endocytosis within 
3.5 h 
 
 The plant hormone auxin maintains or elevates the levels of PM-resident proteins, and 
thereby their activity, by inhibiting the early endocytosis of PINs and other PM proteins 
(Paciorek et al., 2005). The molecular mechanism of this auxin effect remains unknown, but 
it has been proposed to account for a feedback regulation of cellular auxin homeostasis and 
for multiple auxin-mediated polarization processes. To assess if ABA could interfere with the 
endocytotic inhibitory effect of auxins, we monitored the short term kinetics of ABA on 
promoting AUX1 and PIN2 endocytosis and accumulation in BFA-bodies, in the presence of 
25 µM BFA. Using the BFA-induced intracellular AUX1 and PIN2 accumulation in BFA 
bodies to monitor the interference of auxin inhibition on AUX1 and PIN2 internalisation, 
more BFA bodies were observed under ABA despite the presence of auxin (NAA, 1 and 10 
µM) (Fig. 43). These results strongly suggest that ABA enhances AUX1 and PIN2 
endocytosis and accumulation in endosomal compartments.  
 
4.2.4 ABA promotes PIN2 internalisation independent of TIR1-regulated auxin 
perception within 3.5 h 
 
Recent reports indicate that auxin promotes PIN2 degradation by nuclear 
SCFTIR1/AFB-mediated signalling (Baster et al., 2013) and that auxin inhibits PIN 
internalization by a TIR1-independent pathway (Robert et al., 2010). Since ABA reduces 
cellular auxin distribution through the concerted effects of AUX1 and PIN2 PM 
downregulation (Fig. 33 A-B) and that ABA could antagonise auxin inhibitory effects on 
AUX1 and PIN2 endocytosis (Fig. 43), we next asked if ABA could also regulate PIN2 
degradation or internalisation in a TIR-independent manner.  
 
In order to clarify the mechanism of ABA in regulating  PIN2 internalisation, we 
examined the possible involvement of TIR1-mediated signalling pathway by assessing (1) 
pharmacological interference with TIR function using PEO-IAA and auxinole (Hayashi et al., 
2012) or genetic analyses of tir1 and quadruple tir1afb123 mutant deficient in most of the 
TIR1/AFB auxin receptors function (Ruegger et al., 1998; Schenck et al., 2010), (2) 






using PCIB or transient lines conditionally expressing the stabilized transcriptional inhibitor 
IAA17 (HS::AXR3-1-GUS), (3) seedlings treated with the proteasomal inhibitor MG132 that 
interferes with auxin-mediated degradation of AUX/IAA repressors, and (4) monitoring the 
activity of TIR1-dependent downstream AUX/IAA and ARF activity, visualised by 
expression of the auxin responsive promoter DR5 in the roots (Iyer-Pascuzzi et al., 2011).  
 
Using various approaches, we found that the kinetics of the ABA effect on 
endocytosis in tir1 and tir1afb123 was comparable to wild-type under ABA (Fig. 37A-B & 
44), and that tir1 and tir1afb123 (which confer AUX/IAA stability) as well as PEO-IAA- and 
auxinole-treated seedlings displayed resistance to ABA effects on root EZ reduction (Fig. 
15H & 45A). When we assessed the PIN2-GFP levels in PEO-IAA- and auxinole-treated 
roots, in the presence of ABA, the PM abundance of PIN2-GFP was comparable to control 
(Fig. 45B-C), suggesting that ABA regulates auxin signalling downstream of TIR1/AFB 
auxin receptors. On the contrary, when we assessed PM PIN2-GFP sensitivity to ABA under 
PCIB-treatment or induction of stabilised AXR3-1 proteins, we observed reduced PM PIN2-
GFP compared to ABA treatment alone (Fig. 46-47), supporting the hypothesis that ABA 
acts at the AUX/IAA signalling independent of TIR1 perception. Moreover, complementing 
auxin back to the ABA-treated roots can partly rescue the root EZ restriction (Fig. 5E), 
indicating that ABA acts downstream of auxin perception. Interference with protein 
degradation by MG132 (Lee and Goldberg, 1996), which confers AUX/IAA stability, also 
leads to insensitivity of root EZ to ABA (Fig. 48). Furthermore, ABA was effective in 
blocking the induction of DR5 activity by auxin (Fig. 4C & 9). Taken together, our results 
confirm that AXR3 AUX/IAA-mediated but not TIR-mediated signalling could regulate the 
PM auxin transporter abundance (Fig. 16 & 18-21). However, our observations that PM 
AUX1-YFP and PIN2-GFP are still ABA sensitive despite the presence of CHX or COR 
(Fig. 34), coupled with ABA enhancement of endocytosis dynamics in the tir1afb123 mutants 
(Fig. 44), suggesting that ABA could interfere with of clathrin-mediated endocytosis 
independent of auxin perception. 
 
4.2.5 ABA promotes actin-dependent PIN2 vesicular trafficking through transcriptional 







We next asked how PM PIN2-internalisation is facilitated by ABA and if vesicle 
trafficking processes are regulated by ABA. Recently, phospholipase D (PLD) and 
phosphatidic acid (PA) have been implicated to play key roles in cellular processes such as 
vesicle trafficking in both mammalian and animal cells (Freyberg et al., 2003; Jenkins and 
Frohman, 2005; Liscovitch et al., 2000; Monteiro et al., 2005). In particular, PLDζ2 have 
been shown to be ABA responsive during hydrotropism (Taniguchi et al., 2010) and in 
promoting vesicle trafficking (Li and Xue, 2007), prompting us to assess if early ABA effect 
involves PLDζ2-facilitated vesicular trafficking processes. When we assessed PLDζ2 
transcription at the epidermal and cortical tissues, enhancement of PLDζ2::GUS activity and 
PLDζ2 transcripts was observed within 3.5h ABA treatment (Fig. 49A-C) although 
interference with protein synthesis and transcription (Fig. 35) still exhibits PM auxin 
transporters sensitivity to ABA, cold and salinity, suggesting that PLDζ2 post-transcriptional 
abundance could be crucial to facilitate vesicular trafficking under ABA. We next 
hypothesized that if ABA or environmental stress regulates auxin transporters through vesicle 
trafficking, PLDζ2 deficiency should abolish root EZ sensitivity to ABA, salinity or cold 
stress. Indeed, we observed pldζ2 seedlings are less sensitive to ABA, salt or cold effects on 
root EZ restriction (Fig. 49D). Moreover, pldζ2 seedlings exhibit higher PM PIN2-GFP 
abundance and a reduced sensitivity to ABA-mediated PIN2-GFP reduction compared to 
control. These results suggest that vesicular trafficking in part could be facilitated by PLDζ2 
(Fig. 49E-F) though the roles of other PLD members in vesicular trafficking cannot be ruled 
out. 
 
In plants, vacuolar trafficking of PIN2-containing membrane vesicles requires the 
cytoskeletal framework (Lippincott-Schwartz et al., 1990; Wood et al., 1991) for delivery to 
endosomes. To determine whether the cytoskeleton plays an important role in ABA regulated 
vacuolar trafficking, the effects of actin and microtubule inhibitors on PIN2 trafficking was 
similarly assessed in the presence of BFA. Depolymerization of the actin cytoskeleton with 
latrunculin B (LatB) (Coue et al., 1987), cytochalasin D (CytD) (Casella et al., 1981) and 
2,3,5-triiodobenzoic acid (TIBA) (Dhonukshe et al., 2008a) abrogated the effect of ABA on 
PIN2-GFP and AUX1-YFP accumulation in BFA bodies when co-treated with 25 µM BFA 
and CHX (Fig. 50), indicating that an intact actin network is required, in agreement with 
similar observations at 3.5h ABA treatment (Fig. 51), for ABA-dependent modulation of 






depolymerises the microtubules, in the presence of BFA and CHX, does not abolish the ABA 
effects on PIN2-GFP or AUX1-YFP accumulation in BFA bodies (Fig. 50). Thus, the actin 
cytoskeletal function is required for auxin transporter internalisation and overall endocytosis, 
indicating that early ABA effects positively regulates endocytosis in plants through vesicular 
trafficking of PM auxin transporters. 
 
4.2.6 ABA does not target PIN2 for degradation within 3.5 h 
 
 Following internalization, PM proteins undergo vacuolar targeting for degradation or 
recycling back to the PM (Kleine-Vehn et al., 2008b; Lam et al., 2007; Laxmi et al., 2008). 
We next ask if ABA also regulates vacuolar trafficking, despite being unable to observe an 
increased PIN2-GFP vacuolar signal despite membrane PIN2-GFP depletion within 3.5h in 
the presence of CHX (Fig. 34A-B & 52A-B). Previous studies have shown that dark-
enhanced trafficking of PIN2-GFP to the lytic vacuole can indirectly facilitate the analyses of 
vacuolar trafficking dynamics (Kleine-Vehn et al., 2008b; Laxmi et al., 2008). However, no 
significant difference in the frequency of PIN2-labelled vacuoles per cell and intensity of 
PIN2-labelled vacuoles were observed despite a significant reduction of membrane PIN2-
GFP abundance (Fig. 51A-B) when co-incubated in the dark together with ABA in the 
presence of CHX for 3.5 h. These results suggest that ABA do not alter the vacuolar 
accumulation of PIN2-GFP, which is destined for degradation. 
 
In plants, the phosphatidylinositol-3-kinase (PI3K) inhibitor wortmannin (WM) 
targets late endocytic trafficking to the late endosomal multi-vesicular bodies (MBV) or 
prevacuolar compartment (PVC) by interfering with the maturation of the PVC (daSilva et 
al., 2005; Kleine-Vehn et al., 2008b; Matsuoka et al., 1995). Following WM treatment, we 
observed that PM PIN2-GFP levels remain similar to control but exhibit reduced sensitivity 
to ABA-mediated reduction of PIN2-GFP membrane levels (Fig. 52C-D) within 3.5h. This 
observation suggest that WM-interference of PIN2 trafficking into late endosomal 
compartments, where proteins are targeted for cellular degradation, may not be the 
mechanism during early ABA response on rapid auxin flux regulation. Moreover, when we 
interfered with protein degradation using MG132, we observed that PM PIN2-GFP levels are 
downregulated by ABA, with no significant changes in PIN2-GFP labelled vacuolar bodies 






endocytosis (Fig. 38A-B) may be targeted towards the recycling pathway, given that no 
significant alteration of protein degradation dynamics was observed (Fig. 52). 
 
4.2.7 ABA inhibits PIN2 recycling to the PM within 3.5 h 
 
 To determine whether ABA regulates recycling of PIN2 to the PM, we use inhibitors 
of vesicular trafficking to visualise the dynamics of PIN2 recycling in the secretory and 
endocytic pathways. Notably, ABA treatment preceding 25 µM BFA application (which 
inhibits PIN recycling) leads to an increased AUX1-YFP and PIN2-GFP accumulation in 
BFA bodies (Fig. 40, 43, 50 & 53), suggesting that ABA promotes retrograde PIN2 
trafficking downstream of BFA-sensitive ARF-GEF endosomes (Kleine-Vehn et al., 2008b).  
 
 To ascertain if ABA could regulates the recycling of the internalised PIN2-GFP, the 
loss of internalised BFA bodies following BFA washout in the presence of CHX was 
monitored. Reduced PM PIN2-GFP recovery for ABA-treated seedlings was observed 
following BFA washout (Fig. 54). Moreover, similar reduced PM PIN2-GFP recovery were 
observed, when higher 50 µM BFA concentrations (which inhibit vacuolar trafficking) is 
applied following ABA treatment, and allowed for recovery under light conditions (Fig. 55). 
Whereas when allowed for recovery in the dark (which facilitates internalised PIN2-GFP in 
BFA bodies to be targeted for vacuolar degradation), a reduction of PM PIN2-GFP recovery 
is observed for both control and ABA-treated (Fig. 55). These observations suggest that 
recycling of PIN2 could be affected under ABA, prompting the question if PIN2 recycling 
could be hindered at recycling endosomal compartments. 
 
 Recently, novel vesicular trafficking inhibitors have been widely used to dissect the 
endomembrane networks in order to comprehend the membrane protein trafficking, through 
their actions on perturbing vesicular trafficking (Drakakaki et al., 2011; Robert et al., 2008). 
The compound endosidin 1 (ES1) have been shown to rapid agglomerate AUX1 and PIN2 
distinct endomembrane compartments termed “endosidin bodies” (Robert et al., 2008). ES1 
selectively targets the trafficking of trans-golgi network/early endosomes (TGN/EE) to 
recycling endosomes (RE) of the recycling pathway (Robert et al., 2008). Treatment with 
ES1 in the presence of ABA leads to an increased frequency of ES1 bodies compared to 






hinders the recycling of PIN2-GFP to the membrane and promotes its accumulation in 
endosomal compartments (Fig. 56B-C). Similarly, endosidin 5 (ES5) treatment, which 
interferes with endomembrane trafficking to the vacuole and recycling to the PM (Drakakaki 
et al., 2011), leads to increased PIN2-GFP accumulation in ES5 bodies, along with a 
reduction of PM PIN2-GFP intensity, despite no change in ES5 bodies frequencies, under 3.5 
h ABA treatment (Fig. 56D-F). Moreover, root EZ of seedlings treated with ES1 and ES5, in 
presence or absence of ABA, exhibit reduced but still significant sensitivity to ABA (Fig. 
57). These results support earlier observations that ABA also promotes endocytotic and 
vesicular trafficking of PM auxin transporters, which cannot be explained by the effects of 
ABA alone on inhibiting auxin transporter recycling to the PM, since PM PIN2-GFP are still 
sensitive ABA in the presence of recycling inhibitors ES1 and ES5 (Fig. 56). 
 
In addition to PIN activity being regulated by constitutive endocytic recycling from 
and to the PM, phosphorylation that directs PIN polar targeting can also regulate PINs 
function (Friml et al., 2004; Michniewicz et al., 2007). Interestingly, although ABA enhances 
PM PIN2 endocytosis, no asymmetric PIN2 localization was observed (Fig. 34A-B). 
Moreover, the expression of PIN polarity regulators PINOID (PID) protein kinase and its 
homologs WAG1 and WAG2 (Dhonukshe et al., 2010) (Fig. 58) were not affected by 3.5h 
ABA, indicating that ABA-regulated PIN2 is not subjected to polar targeting. Taken together, 
our findings strongly support the observations that ABA interferes with both the endocytosis 
and the recycling of internalised PIN2-GFP to the PM, leading to the sequestering of PIN2 in 
various endocytic compartments (Fig. 56) as a rapid response to downregulate PIN2 
abundance to regulate intra and intercellular auxin transport. 
 
4.2.8 Model of ABA regulation of PM AUX1 and PIN2 endocytosis, cellular trafficking 
and recycling 
 
Our results demonstrate that ABA acts as a positive effector for AUX1 and PIN2 
clathrin-mediated endocytosis at the PM (Fig. 59). Subsequently, ABA-dependent PM-
resident AUX1-YFP and PIN2-GFP turnover requires actin-dependent trafficking to the 
recycling pathway or vacuolar pathway for degradation. Interestingly, dark-induced 
vacuolarisation and degradation of the auxin transporter PIN2-GFP is unaffected under ABA 






vacuolar trafficking by wortmannin exhibits PM PIN2-GFP abundance downregulation under 
ABA. By contrast, disruption of PIN2-GFP recycling by BFA (25 µM, recycling inhibitory 
concentration), ES1 or ES5 leads to their enhanced accumulation in BFA, ES1 or ES5 
endosomal bodies. Moreover, dynamics of BFA-accumulated PIN2 recycle to the PM 
following BFA washout, but drastically reduced under ABA. Under higher BFA treatment 
(50 µM, recycling and vacuolar trafficking inhibitory concentration), ABA enhances BFA-
accumulated PIN2-GFP was observed which exhibits reduced recovery under dark conditions 
(which promotes vacuolar trafficking and degradation) when compared to under light 
conditions. Taken together, ABA regulates the endocytosis, cellular trafficking and recycling 
of these auxin transporters under less favorable growth conditions to reduce inter- and intra-




 During plant growth, clathrin-dependent membrane trafﬁcking is essential for many 
developmental processes and during adaptive responses to environmental cues (Chen et al., 
2012; Holstein, 2002; Kitakura et al., 2011; Robert et al., 2010; Sauer and Kleine-Vehn, 
2011). Recently, studies on auxin signalling and transport have been shown to be highly 
dependent on clathrin-mediated endocytosis of auxin transporters such as AUX1 or PINs, 
whose activity is regulated by a balance between their constitutive cycling between the 
plasma membrane and endosomes. Moreover, ABP1 mediates auxin inhibition of clathrin-
dependent endocytosis in Arabidopsis (Robert et al., 2010; Xu et al., 2010). Recently, the 
participation of the auxin-ABP1-ROP6/RIC1-clathrin-PIN1/PIN2 signalling module during 
clathrin-mediated endocytosis (Chen et al., 2012; Xu et al., 2010) and the ROP2-RIC4-actin-
PIN1 pathway during endosomal trafficking of PIN1 (Nagawa et al., 2012), support the 
notion that Rho GTPase signalling is a common mechanism for the inhibition of endocytosis 
and cell polarization in multicellular organisms, in an actin dependent manner.  
Emerging evidence has revealed that the regulation of PM-resident auxin transporters 
provided a rapid non-transcriptional regulation of inter-cellular auxin transport. For instance, 
PIN1 is targeted for lytic degradation by cytokinin to the vacuoles (Marhavy et al., 2011) 
while PIN2 is selectively endocytosed and vacuolar trafficked for degradation by gravity, 
light, gibberellic acid and jasmonic acid (Abas et al., 2006; Laxmi et al., 2008; Lofke et al., 






endocytosis as a plant defense mechanism during biotic stress (Du et al., 2013). Through 
these studies, the regulation of the abundance of auxin transporters resident at the PM could 
reflect a universal stress adaptive response during early response to stress. 
 
In this study, we demonstrate the ABA effects on promoting PINs endocytosis based 
on the clathrin-mediated trafficking while inhibiting PINs recycling by a rapid non-
transcriptional manner. Further studies will be needed to determine the molecular mechanism 
of the ABA promotes endocytosis at the plasma membrane possibly through interactions with 
ABP1 auxin receptors or clathrin-dynamics regulation and clathrin-mediated trafﬁcking 
events, in a ROP-RIC dependent manner. 
On the basis of our findings, we propose that the ABA-mediated endocytosis and 
inhibition of AUX1 and PIN2 recycling provides a self-organizing mechanism for polar auxin 
transport and consequently auxin distribution. In plants, the selective auxin transporter 
endocytosis, sequestration, and recycling mediated by early ABA responses demonstrates a 
dynamic control over the pool of PM resident auxin transporter abundance as part of a rapid 
non-transcriptional plant signalling response mechanism to rapidly alter the auxin 
distribution. Our results reveal that ABA plays a crucial regulatory role during early plant 


















During the evolution of aquatic plants to terrestrial plants, plants have to adapt to 
unpredictable physiological and environmental challenges to ensure optimal growth and 
development (Lewis and McCourt, 2004). Over time, plants being sessile, adapt and acquire 
mechanisms to perceive and cope with stresses through regulating their growth physiology. 
Amongst these regulated growth and developmental responses, the plant hormone ABA 
constitutes a crucial role, acting as an endogenous messenger, to help plants perceive and 
respond adaptively through its rapid production in response to abiotic stress imposed by salt, 
drought or cold (Swamy and Smith, 1999; Tuteja, 2007).   
 
In plants, physiological and cellular processes are delicately orchestrated by the 
concerted actions of phytohormones (Santner et al., 2009). Being sessile, plants depend on 
roots to source the soil environment for water and nutrients as well as for perceiving the soil 
environment conditions. Plants optimise the spatial configuration of roots (such as the 
primary and lateral root organs), termed as root system architecture in response to stress 
(Malamy, 2005). Recent work on the crosstalk of signalling pathways in has reveal 
interactions between several hormones, auxin, ABA, brassinosteroids, cytokinin, ethylene 
and gibberellins in regulating plant root development (Dello Ioio et al., 2007; Gonzalez-
Garcia et al., 2011; Hacham et al., 2011; Moubayidin et al., 2010; Růžička et al., 2007; 
Růžička et al., 2009; Ubeda-Tomas et al., 2009; Wang et al., 2011). During plant growth, the 
interaction between ABA and auxin is particularly important to control developmental 
processes, such as root meristem size (Wang et al., 2011) and embryonic axis repression 
(Belin et al., 2009) of post-germinative seedlings. Recent work has implicated ABA-induced 
changes in auxin distribution at the root meristem (Wang et al., 2011) and maintenance of the 
QC quiescence (Zhang et al., 2010) as a mechanism of ABA-regulated root growth. This 
thesis focused on the role of the phytohormones ABA and auxin in plant developmental 
regulation.  
 
The key findings from this study are as follows: 
At the tissue or organ level, 
 1. Early ABA effect is specific on regulating cell elongation but not cell divisions at 






 2. ABA regulates auxin distribution and transport independent of auxin biosynthesis 
 3. AUX1 and PIN2 are a subset of common auxin transporters regulated by ABA,  
     cold and salinity responses. 
 4. ABA represses auxin basipetal transport of auxin from root tip to the expanding  
      epidermal cells. 
 5. Auxin AUX/IAA signalling by AXR3 but not ARF signalling is transcriptionally 
      regulated by early ABA effects. 
 6. Inducible AXR3-1 auxin signalling inhibition regulates auxin distribution and     
     transporters 
 7. Lateral root cap and expanding epidermal tissues are responsive to ABA effect on 
     root elongation. 
 
At the cellular level, 
 1. ABA promotes AUX1 and PIN2 clathrin-dependent endocytosis from the PM and 
     accumulation in endosomal bodies, independent of denovo protein synthesis 
 2. ABA represses recycling of PIN2 from recycling endosomes to the PM 
 3. ABA promotes actin-dependent vesicular trafficking through transcriptional   
     regulation of PLDζ2 
 4. Vacuolar accumulation and PIN2 degradation is not regulated by ABA 
  
 Our study reveals the important interplay between early environmental and 
developmental responses in shaping the root elongation zone. In this study, we show that 
ABA can rapidly modulate the capacity of auxin transport to distribute auxin in the root. This 
redistribution of cellular auxin abundance through the actions of polar auxin transport 
consequently regulates root meristem activity and root growth. Moreover, the overall 
repression of auxin transport by ABA, salinity or cold leads to root elongation reduction, 
indicating a common environmental stress response during early events. In fact, previous 
studies have revealed that inhibition of root elongation by ABA can be abolished through 
auxin influx inhibition or by the aux1 mutation (Belin et al., 2009; Wang et al., 2011), 
indicating that auxin transport is necessary to mediate ABA-dependent root growth. Hence, 
under less favourable growth conditions, ABA is the critical effector to preferentially 






crosstalk with auxin responses, to differentially regulate auxin transport and AUX/IAA 
signalling. 
 At the tissue level, we demonstrate that basipetal auxin transport from root tip through 
the lateral root cap, to the outer epidermal layer of the meristematic tissue and till the 
expanding epidermal cells can be repressed by ABA or auxin signalling inhibition. In 
accordance, we further observed that ABA-specific transcriptional regulation of the 
AUX/IAA17 (AXR3) signalling is critical to regulate auxin distribution and transport. Taken 
together with insights gleaned from tissues specific studies of ABA response by ABA 
signalling inhibition, these observations strongly support the notion that perturbance in auxin 
flow basipetally through these tissue types is critical to repress root elongation in response to 
ABA. 
 At the cellular level, we show that ABA could modulate the PM abundance of auxin 
transporters, AUX1 and PIN2. Through endocytotic regulation of PM auxin transporter 
turnover and by repressing the dynamics of their recycling, ABA sequesters the auxin 
transporters into endosomal pools in a non-transcriptional manner independent of denovo 
protein synthesis. We further demonstrate that ABA enhanced PLDζ2-regulated vesicular 
trafficking to provide a rapid means of PM PIN2 turnover in response to environmental 
perturbances. 
 On the basis of our findings, we propose a model for ABA-dependent root cell 
elongation regulation during early events of ABA exposure. ABA stimulates auxin AUX/IAA 
signalling inhibition to fine-tune the capacity of auxin transport and consequently auxin 
distribution. In addition, the repression of a common set of basipetal AUX1 and PIN2 auxin 
transporters by ABA and environmental stresses reduces the capacity of auxin transport. 
Taken together with the cellular level regulation of PM auxin transporter availability, auxin 
distribution by polar auxin transport from the root tip towards the elongation zone expanding 
epidermal tissues, and the cellular auxin abundance is reduced. Within the cells of the 
expanding epidermal tissues, local AUX/IAA signalling inhibition by ABA, leads to the 
inhibition of cell elongation and thus inhibits the root elongation. Moreover, the induction of 
auxin-mediated gene is repressed, thereby slowing down the active plant development until 







 In summary, this study provides detailed analyses on the early ABA and abiotic stress 
response on root elongation at the tissue level and at the cellular level to reveal how ABA 
could interact with auxin to regulate the developmental adaptations of the root elongation 
zone to environmental stress and provided new perspectives on early ABA or stress 








Table 1. List of primers used for quantitative real-time PCR. 
GENES Primer sequence 
ACTIN2 
F 5’ GACCAGCTCTTCCATCGAGAA 3’ 
R 5’ CAAACGAGGGCTGGAACAAG 3’ 
Auxin Transport 
AUXIN1 (AUX1) 
F 5’ TTGGTTCAGCTGCGCATCTA 3’ 
R 5’ GCAGTCCAGCTTCCTAGTAA 3’ 
LIKE AUX1 1 (LAX1) 
F 5’ TCGTGCCCGTATGGAGAAACAAG 3’ 
R 5’ CCCATCAAGCACTTCAAACCATTG 3’ 
LIKE AUX1 2 (LAX2) 
F 5’ TCGGTGGACATGCTGTTACTGTAG 3’ 
R 5’ GCACGTAGAGTGTTGCAAACAGG 3’ 
LIKE AUX1 3 (LAX3) 
F 5’ CGGAGCCACCAACATTCTCTACAC 3’ 
R 5’ AGCGTGCATTATCTCCACTGTGAC 3’ 
PIN-FORMED 1 (PIN1) 
F 5’ CATCACCTGGTCCCTCATTTCC 3’ 
R 5’ GCTGCTCTTCTGTTTCCACAAGC 3’ 
PIN-FORMED 2 (PIN2) 
F 5’ ATGAAGACGGCGAAGAAAGCAGG 3’ 
R 5’ TTGACCCCGTGAACATTGGGTTC 3’ 
PIN-FORMED 3 (PIN3) 
F 5’ TCAGCAGACGACTCTTCCAACG 3’ 
R 5’ TTGCTTCGGCTCCTCCTAGA 3’ 
PIN-FORMED 4 (PIN4) 
F 5’ TTGTCTCTGATCAACCTCGAAA 3’ 
R 5’ ATCAAGACCGCCGATATCAT 3’ 
PIN-FORMED 7 (PIN7) 
F 5’ AGTAATGATGCTAAGGAGCTTC 3’ 
R 5’ TGAGACCAATGAGACTAGAGTA 3’ 
Stem Cell Regulation 
PLETHORA 1 (PLT1) 
F 5’ ACAACTGGCTTGGCTTTCCTCT 3’ 
R 5’ GTTGTCCGAAAGTGTCCAATGC 3’ 
PLETHORA 2 (PLT2) 
F 5’ ATGAATTCTAACAACTGGCTCG 3’ 
R 5’ AGATCATATGCTCTGGCTGCTT 3’ 
SCARECROW (SCR) 
F 5’ GGAATGTATTAGCGGTTGGA 3’ 







F 5’ AGGGTTTGCTTCGAGTCATGGG 3’ 
R 5’ CATCAACCTCTCGTTGCTCGTC 3’ 
WUSCHEL-RELATED 
HOMEOBOX 5 (WOX5) 
F 5’ GATTGTCAAGAGGAAGAGAAGGTGA 3’ 
R 5’ AGCTTAATCGAAGATCTAATGGCG 3’ 
Vesicular Trafficking Regulation 
Phospholipase D zeta 2 
 (PLD ζ2) 
F 5’ TCACGACAAGCAAGAACAGGTTAG 
R 5’ AGTGCAGAGGAAGAGCACCATC 
Auxin AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) Signalling 
IAA3/SHY2 
F 5’ GGGCAAGATCTATGTTCATTGG 3’ 
R 5’ ACCTTTTGCCCTGTTTCTGA 3’ 
IAA7/AXR2 
F 5’ GTGCCAAGCTACGAGGACAAA 3’ 
R 5’ TGCAAGACTCGACAAACATTTCCC 3’ 
IAA14/SLR 
F 5’ ATGAACCTTAAGGAGACGGAGC 3’ 
R 5’ AGTTTGAGATCAACGGTCTCGG 3’ 
IAA16 
F 5’ ATGATTAATTTTGAGGCCACGG 3’ 
R 5’ GAAACTGAATCCATAGCCGTC 3’ 
IAA17/AXR3 
F 5’ CGTTCCTTGGCCAATGTTCGTC 3’ 
R 5’ AAGCTCTGCTCTTGCACTTCTCC 3’ 
Auxin Receptor Signalling 
TIR1 
F 5’ AAGTGCGACCAGATGTTTACTCT 3’ 
R 5’ ACAAACGGAAGCGAGTCAT 3’ 
AUXIN SIGNALLING F-BOX1 
(AFB1) 
F 5’ ACTGATGGTATCGCTGCTATTG 3’ 
R 5’ AGTTGAACTCTCTGGAAAATAGCTAAG 3’ 
AUXIN SIGNALLING F-BOX2 
(AFB2) 
F 5’ CGTGCCTCGAAGGAGAAAC 3’ 
R 5’ TTTGGAGACCTAGCAACAAGC 3’ 
AUXIN SIGNALLING F-BOX3 
(AFB3) 
F 5’ TGATAAACTTTACCTCTACCGAACAG 3’ 
R 5’ CCTAACATATGGTGGTGCATCTT 3’ 
AUXIN-BINDING PROTEIN 1 
(ABP1) 
F 5’ TTCCGTCGCGCTTCTTCTGTTC 3’ 
R 5’ GCAAGCCATTGATGGGACAAGGAG 3’ 
Auxin AUXIN RESPONSE FACTOR (ARF) Signalling 
AUXIN RESPONSE FACTOR 2 
(ARF2) 
F 5’ CCTCATCCGAAGGATGCTCAAACG 3’ 






AUXIN RESPONSE FACTOR 5 
(ARF5) 
F 5’ TACGCCACTTAGAACCAGGCCATC 3’ 
R 5’ CGGGAAACGAAGGTACATGGGAAC 3’ 
 AUXIN RESPONSE FACTOR 6 
(ARF6) 
F 5’ TTCTATAACCCGAGGGCGAGTCCA 3’ 
R 5’ CCAACAGAGACGCGAGTGTGATAA 3’ 
AUXIN RESPONSE FACTOR 7 
(ARF7) 
F 5’ TTTCTACAACCCGAGGGCTGCT 3’ 
R 5’ ACCGCATACCGAGGGAAACTTGA 3’ 
AUXIN RESPONSE FACTOR 8 
(ARF8) 
F 5’ TGGCACTGACAAAGACACTCCATC 3’ 
R 5’ TATCTTTCGGGGACAGCCCAAACG 3’ 
AUXIN RESPONSE FACTOR 
10 (ARF10) 
F 5’ TGGAGCAAGAGAAAAGCTTGGAT 3’ 
R 5’ GATCCTGCGTTAGATCCGAGAC 3’ 
AUXIN RESPONSE FACTOR 
16 (ARF16) 
F 5’ TGATGAATCCAATGAAAGGTGGAAC 3’ 
R 5’ GGGTCCATTACCTATCCCTCCT 3’ 
AUXIN RESPONSE FACTOR 
19 (ARF19) 
F 5’ TCCAACGAAGGAGAGAAGAAGCCA 3’ 




F 5’ CTGGAGCTTGTCTCCAAGCATCGG 3’ 
R 5’GCGCTAGCGGCATTGTACTGTAAATAAATG 3’ 
AMIDASE1 (AMI1) 
F 5’ CGGACTTACTCCAATGGCTCAG 3’ 
R 5’ GCTGCTGCAGGAGAACGCAACC 3’ 
ANTHRANILATE SYNTHASE 
ALPHA SUBUNIT 1 (ASA1) 
F 5’ GGCCGCCACCGAGTTCTTAG 3’ 
R 5’ GCAAATGTTCGCCGCTCAAA 3’ 
CYP79B3 
F 5’ ACCGGAAAGAGAGGATGTGCTG 3’ 




F 5’ TAGCTTGGCTGCCCTTGTTGAGG 3’ 
R 5’ CTTCGGTTATTGATGCCAACAAGCTCG 3’ 
NITRILASE1 (NIT1) 
F 5’ GGCGTTCATAACGAAGAAGGGCGTG 3’ 
R 5’ TTCCTTCTCTATGGCTCCCATTACC 3’ 
PHOSPHORIBOSYLANTHRAN
ILATE TRANSFERASE 1 
(PAT1) 
F 5’ TCTCATCGATCGGAGCTGTTTC 3’ 
R 5’ AGCTGCACTAAATCCACCGCTC 3’ 








R’ GACTCCTTAGACACACCAATCGAGTTC 3’ 
TRYPTOPHAN SYNTHASE 
BETA-SUBUNIT 1 (TSB1) 
F 5’TGGCAGCCTCAGGCACCT 3’ 
R 5’ TCAAACATCAAGATATTTAGCC 3’ 
WES1 
F 5’ TGTTGTCACCACTTACGCCG 3’ 
R 5’ CGTTCTGAAGCTCAACCTCGT 3’ 
YUCCA 3 (YUC3) 
F 5’ CAAAACCTCATCCCCGAAG 3’ 
R 5’ CAGCAACGGCTAGACCTGAT 3’ 
YUCCA 4 (YUC4) 
F 5’ CGTTCTTGATGTCGGTGCCATTTC 3’ 
R 5’ GCTTGCGTCACTTTAATTTGTCCTG 3’ 
YUCCA 6 (YUC6) 
F 5’ GTTCTCGACGTTGGCACGCTAG 3’ 
R 5’ GGGTACGTTGCTTTTGTAGCCAG 3’ 
YUCCA 7 (YUC7) 
F 5’ CCACCGTCGTTGTATTTCAC 3’ 
R 5’ TGGAGTGGGCTTATCTCTTTG 3’ 
YUCCA 8 (YUC8) 
F 5’ TGGTTGGAAAGGAAGGACAG 3’ 
R 5’ TCGTGGGTTGTTTTGTTTCA 3’ 
YUCCA 9 (YUC9) 
F 5’ CGCAAACCGGTTCGATATTA 3’ 








Table 2. List of plant materials/lines used. 
Lines (Reporter) Purpose/Function Ecotype 
AUX1::GUS Auxin influx transporter activity Columbia 
AUX1::AUX1-YFP Auxin influx transporter activity Columbia 
PIN1::GUS Auxin efflux transporter activity Columbia 
PIN1::PIN1-GFP Auxin efflux transporter activity Columbia 
PIN2::GFP Auxin efflux transporter activity Columbia 
PIN2::PIN2-GFP Auxin efflux transporter activity Columbia 
PIN3::GUS Auxin efflux transporter activity Columbia 
PIN3::PIN3-GFP Auxin efflux transporter activity Columbia 
PIN4::GUS Auxin efflux transporter activity Columbia 
PIN4::PIN4-GFP Auxin efflux transporter activity Columbia 
PIN7::GUS Auxin efflux transporter activity Columbia 
PIN7::PIN7-GFP Auxin efflux transporter activity Columbia 
ASA1::GUS Auxin biosynthesis activity Columbia 
ASB1::GUS Auxin biosynthesis activity Columbia 
YUC8::GUS Auxin biosynthesis activity Columbia 
YUC9::GUS Auxin biosynthesis activity Columbia 
TAA1::GFP-TAA1 Auxin biosynthesis activity Columbia 
IAA3::GFP Auxin AUX/IAA activity Columbia 
IAA3::2xGFP Auxin AUX/IAA activity Columbia 
IAA14::2xGFP Auxin AUX/IAA activity Columbia 
IAA16::2xGFP Auxin AUX/IAA activity Columbia 
AXR3::YFP Auxin AUX/IAA activity Columbia 
HS::AXR3NT±GUS Auxin AUX/IAA activity Columbia 
HS::AXR3-1-GUS Auxin AUX/IAA activity Columbia 
AXR3::AXR3-1-GFP Auxin AUX/IAA activity Columbia 
AXR3::AXR3-1-GR Auxin AUX/IAA activity Columbia 
35S::AXR3-GFP Auxin AUX/IAA activity Columbia 
AFB1::GUS Auxin receptor activity Columbia 
AFB2::GUS Auxin receptor activity Columbia 






TIR1::GUS Auxin receptor activity Columbia 
TIR1::cTIR1-GUS Auxin receptor activity Columbia 
BA3::GFP Auxin response activity Columbia 
IAA2::vYFP Auxin distribution activity Columbia 
DR5rev::GFP Auxin distribution activity Columbia 
DII::VENUS Auxin distribution activity Columbia 
ARF2::GUS Auxin reponse factor activity Columbia 
ARF5:: n3GFP Auxin reponse factor activity Columbia 
ARF5::ARF5-GFP Auxin reponse factor activity Columbia 
ARF6:: n3GFP Auxin reponse factor activity Columbia 
ARF7::n3GFP Auxin reponse factor activity Columbia 
ARF8:: n3GFP Auxin reponse factor activity Columbia 
ARF10:: n3GFP Auxin reponse factor activity Columbia 
ARF16:: n3GFP Auxin reponse factor activity Columbia 
ARF19::GFP Auxin reponse factor activity Columbia 
CYCB1;1::GUS Mitotic activity Columbia 
PLT1::CFP Stem cell patterning factor activity Columbia 
PLT2::CFP Stem cell patterning factor activity Columbia 
PLT1::PLT1-YFP Stem cell patterning factor activity Columbia 
PLT2::PLT2-EGFP Stem cell patterning factor activity Columbia 
SCR::SCR-GFP Stem cell patterning factor activity Columbia 
SHR::SHR-GFP Stem cell patterning factor activity Columbia 
WOX5::GFP Stem cell patterning factor activity Columbia 
Lines (Driver) Purpose Ecotype 
J0951 Gal4 enhancer trap line C24 
J0121 Gal4 enhancer trap line C24 
J0571 Gal4 enhancer trap line C24 
J3411 Gal4 enhancer trap line C24 
Q0990 Gal4 enhancer trap line C24 
Q2500 Gal4 enhancer trap line C24 
M0013 Gal4 enhancer trap line C24 






CO2::Gal4 Gal4 enhancer trap line Columbia 
CYCD4:1::Gal4 Gal4 enhancer trap line Columbia 
PIN2::Gal4 Gal4 enhancer trap line Columbia 
WOX5::Gal4 Gal4 enhancer trap line Columbia 
UAS::AUX1 UAS activator line Columbia 
UAS::ABI1-1 UAS activator line Columbia 
UAS::AXR3 UAS activator line Columbia 
UAS::AXR3-1 UAS activator line Columbia 
J0951 x Col Gal4 enhancer trap line C24 x Col F1 
J0121 x Col Gal4 enhancer trap line C24 x Col F1 
J0571 x Col Gal4 enhancer trap line C24 x Col F1 
J3411 x Col Gal4 enhancer trap line C24 x Col F1 
Q0990 x Col Gal4 enhancer trap line C24 x Col F1 
Q2500 x Col Gal4 enhancer trap line C24 x Col F1 
M0013 x Col Gal4 enhancer trap line C24 x Col F1 
M0028 x Col Gal4 enhancer trap line C24 x Col F1 
CO2::Gal4 x Col Gal4 enhancer trap line Columbia 
CYCD4:1::Gal4 x Col Gal4 enhancer trap line Columbia 
PIN2::Gal4 x Col Gal4 enhancer trap line Columbia 
WOX5::Gal4 x Col Gal4 enhancer trap line Columbia 
UAS::AUX1 x Col Gal4 enhancer trap line Columbia 
UAS::ABI1-1 x Col Gal4 enhancer trap line Columbia 
UAS::AXR3 x Col Gal4 enhancer trap line Columbia 
UAS::AXR3-1 x Col Gal4 enhancer trap line Columbia 
WOX5::IAAH x 
DR5rev::GFP 
QC-specific auxin biosynthesis induction Columbia 
Lines (mutant) Purpose Ecotype 
abi1-1 ABA signalling Landsberg 
cyp79b2/cyp79b3 Auxin biosynthesis Columbia 
yuc8yuc9 Auxin biosynthesis Columbia 
taa1 Auxin biosynthesis Columbia 






pin1-6 Auxin efflux transporter Ws 
pin2/eir1-1 Auxin efflux transporter Columbia 
pin3-5 Auxin efflux transporter Columbia 
pin4-3 Auxin efflux transporter Columbia 
pin7-1 Auxin efflux transporter Landsberg 
aux1 pin2 Auxin influx/efflux transporter Columbia 
pin2pin7 Auxin efflux transporter Columbia 
axr2-1 Auxin AUX/IAA signalling Columbia 
axr2-5 Auxin AUX/IAA signalling Ws 
axr3-1 Auxin AUX/IAA signalling Columbia 
axr3-8 Auxin AUX/IAA signalling Columbia 
iaa16-1 Auxin AUX/IAA signalling Columbia 
shy2-3 Auxin AUX/IAA signalling Landsberg 
shy2-31 Auxin AUX/IAA signalling Ws 
slr-1 Auxin AUX/IAA signalling Columbia 
iaa16 Auxin AUX/IAA signalling Columbia 
abp1-5 Auxin receptor signalling Columbia 
tir1-1 Auxin receptor signalling Columbia 
tir1afb1/2/3 Auxin receptor signalling Columbia 
arf1-3/arf2-6 Auxin response factor signalling Columbia 
arf6-1 Auxin response factor signalling Columbia 
arf8-2 Auxin response factor signalling Columbia 
arf10-2 Auxin response factor signalling Columbia 
arf16-2 Auxin response factor signalling Columbia 
arf7-2/19-2 Auxin response factor signalling Columbia 








List of Figures 
  
Figure 1. Organisation and tissue types of the Arabidopsis root 
The Arabidopsis root comprises three distinct growth zones: meristem (where active cell 
division occurs), elongation zone (where cells stop dividing and initiate elongation) and 
differentiation zone (where cells stop growing and differentiated). Tissues of the root 
(outermost to innermost): epidermis, cortex, endodermis, pericycle, stele. At the root tip, an 
extra lateral root cap tissue lies outside the epidermis. A pool of quiescent center cells reside 
at the root tip constituting the stem cell niche, which divides to give rise to 
cortex/endodermal, epidermal and columella initials cells.(Adapted from Trends in Plant 








Figure 2. ABA affects root cell elongation but not meristem and stem cell activity within 3.5 
h 
(A) ABA treatment restricts the root elongation zone (EZ) size but not meristem (MS) size 
within 3.5 h. (B) Time course of root meristem and elongation zone sensitivity to ABA 
within 8 h. (C) ABA interferes with root cell elongation but not cortex cell number. Cortex 
cells marked with red (exiting cell size, EC) and blue (final cell size, FC) arrows. Relative 
quantification of EC and FC and average cell length of cortical cells of the MS and EZ within 
3.5 h ABA application. (D) Reduction of mitotic activity visualised by CYCB1;1 reporter and 
meristem size occurs at 5 h but not at 3.5 h. (E) Mean number of dividing cells relative to 
root meristem. (F) Expression of stem cell regulatory gene, WOX5, is unaltered during ABA-
specific regulation of EZ size at 3.5 h. (G) ABA does not interfere with differentiated 
columella cell organisation, visualised by amyloplast staining by Lugol indicating functional 
QC and the presence of columella stem cells. Bars represent 50 µm. Error bars denote S.E.M. 








Figure 3. Expression of stem cell regulatory genes is unaltered during early ABA response 
(A) Early ABA treatment does not alter PLT1 and PLT2 transcription and PLT1, PLT2, SCR 
and SHR protein abundance. (B) Relative fluorescence intensity of stem cell regulatory genes 
at the meristem was unaltered. (C) q-PCR analyses of PLT1/PLT2/SHR/SCR/WOX5 
transcripts reveal no significant changes. Bars represent 50 µm. Error bars denote S.E.M. (*, 








Figure 4. ABA alters auxin distribution at the meristem and elongation zone but not at the 
auxin maxima within 3.5h 
(A) ABA upregulates DII::VENUS expression in the meristem and elongation zone. Auxin 
application can partially abolish ABA effects on DII::VENUS expression, indicating that 
auxin perception is not affected. (B) ABA downregulates the auxin responsive BA3::GFP 
expression at the elongation zone in the presence of IAA. (C) ABA represses basipetal auxin 
transport without affecting the auxin maximum visualised by DR5rev::GFP expression, in the 
presence of auxin. (D) Relative DII::VENUS, BA3::GFP and DR5::GFP fluorescence 
intensity at the meristem and EZ. Bars represent 50 µm. Error bars denote S.E.M. (*, **; P < 







Figure 5. Early ABA response alters root auxin levels without affecting auxin biosynthesis 
(A) Roots harbouring transcriptional-GUS fusion, ASA1, ASB1, YUC8 and YUC9, does not 
exhibit expression alteration under ABA. (B) Expression of translational-GFP fusion GFP-
TAA1 are unaltered under ABA treatment at the meristem and elongation zone. (C) Relative 
Intensity of quantified GFP/GUS under ABA treatment reveals no significant change in 
expression levels at the meristem and elongation zone. (D) Pharmacological inhibition of 
Trp-mediated auxin biosynthesis using 5-methyltryptophan (5-MT) and mutants deficient in 
auxin biosynthetic genes, asa1asb1, taa1 and yuc8yuc9 exhibits insensitivity to ABA effects 
on root EZ restriction. (E) Exogenously application of auxins, 2,4-D and IAA, can partially 
counteract the effects of ABA on root EZ restriction. Bars represent 50 µm. Error bars denote 








Figure 6. Expression of auxin biosynthesis genes is unaffected by 3.5h ABA treatment 
(A) qPCR analyses exhibit no significant alteration of auxin biosynthetic gene transcripts 
under 3.5h ABA treatment. Bars represent 50 µm. Error bars denote S.E.M. (*, **; P < 0.05, 
P < 0.01; ANOVA). (ABA; 10 µM respectively). 
 
Figure 7. ABA transcriptionally enhances AUX1 but not PIN expression within 3.5h 
(A) Early ABA response alters AUX1::GUS but not the expression of PINs::GUS and 
PIN2::ERGFP transcriptional fusions. (B) Quantification of the relative AUX1/PINs 
GUS/fluorescence at the root meristem and EZ respectively (C) qPCR analyses reveal no 
significant changes in PIN efflux carriers expression. AUX1, a member of the auxin influx 
carriers (together with LAX1/2/3), is significantly upregulated by ABA within 3.5h. Bars 








Figure 8. ABA post-transcriptionally regulates AUX1/PIN2/PIN7-mediated auxin transport 
within 3.5h 
(A) ABA downregulates AUX1-YFP, PIN2-GFP and PIN7-GFP but not PINs1/3/4-GFP 
proteins. (B) Quantification of the relative AUX1/PINs fluorescence at the root meristem and 
EZ respectively. (C) Western blot analyses of root tip protein extracts reveal ABA 
downregulates AUX1-YFP, PIN2-GFP and PIN7-GFP abundance. Error bars denote S.E.M. 








Figure 9. ABA represses basipetal transport of auxin at the root tip within 3.5h 
(A) Endogenous auxin biosynthesis at the QC of the root tip with the WOX5::IAAH 
harbouring DR5::GFP was performed in the presence of IAM (substrate for IAA synthesis by 
IAAH enzyme). ABA reduces auxin basipetal transport indicated by epidermal DR5 activity 
and auxin accumulation at the EZ. (B) Exogenous auxin application to the root tip by contact 
with an agar block supplemented with IAA and/or ABA, similarly reveals ABA repression on 
epidermal and EZ DR5 auxin accumulation. (C) Relative intensity of quantified DR5 
fluorescence under ABA, IAA and IAM treatments. Bars represent 50 µm. Error bars denote 
S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (IAA, IAM, ABA; 1 µM, 20 µM, 10 µM 
respectively). 
  
Figure 10. The root EZ of auxin transport mutants is insensitive to ABA within 3.5h 
(A) Basipetal auxin transport mutants, aux1, aux1lax123, pin2 and aux1pin2 exhibit root EZ 








Figure 11. Early effects of ABA on root EZ does not require ARF function 
(A-H) Roots harbouring transcriptional-GUS/GFP fusion, ARF2, ARF10, ARF16, ARF5, 
ARF6, ARF7, ARF8 and ARF19 exhibit unaltered expression under ABA treatment. (I) 
Relative intensity of quantified GFP/GUS under ABA treatment reveal no significant change 
in expression levels at the meristem and elongation zone. (J) qPCR analyses exhibit no 
significant alteration of ARF transcripts during early ABA response. (K) Mutants deficient in 
auxin signalling regulation involving the auxin response factors (ARFs), arf1-3arf2-6, arf6-1, 
arf8-2, arf10-2, arf16-2, arf7-2arf19-1, exhibits root EZ sensitivity to 3.5h ABA. Bars 








Figure 12. Mutants with auxin signalling inhibition are less sensitive to early ABA responses 
which enhances AXR3 transcription 
(A) qPCR analyses indicate that ABA specifically upregulate IAA17/AXR3 transcriptionally 
within 3.5h. (B) AUX/IAA auxin signalling transcriptional repressor mutants, shy2-3, axr2-1, 
slr-1, iaa16-1and axr3-3 exhibits root EZ insensitivity to ABA. Error bars denote S.E.M. (*, 








Figure 13. ABA enhances AXR3 but not AUX/IAA gene expression within 3.5h 
(A) Roots harbouring transcriptional-GFP fusions, SHY2/IAA3, AXR2/ IAA7, SLR/IAA14, 
IAA16 and AXR3/IAA17 exhibit no expression changes under ABA treatment. (B) Relative 
intensity of quantified GFP under ABA treatment reveals no significant change in expression 
levels at the meristem and elongation zone. Bars represent 50 µm. Error bars denote S.E.M. 










Figure 14. AUX/IAA deficiency does not abolish ABA sensitivity of root EZ within 3.5h 
(A) Mutants deficient in AUX/IAA genes, shy2-31/iaa3, axr2-5/iaa7, iaa14-1,  iaa16 and 
axr3-8/iaa17 exhibit root EZ sensitivity to ABA. Error bars denote S.E.M. (*, **; P < 0.05, P 







Figure 15. The early effect of ABA on root EZ does not require TIR/AFBs or ABP1 
(A-E) Roots harbouring transcriptional-GUS fusions, TIR1, AFB1, AFB2, AFB3 and 
translational-GUS fusion TIR1-GUS are unaltered under ABA treatment. (F) Relative 
intensity of quantified GUS under ABA treatment reveals no significant change in expression 
levels. (G) qPCR analyses indicate that ABA does not affect auxin receptors expression 
within 3.5h. (H) Mutants deficient in TIR/AFBs and ABP1 auxin receptor genes, tir1-1, 
tir1afb1/2/3 and abp1-5 exhibit root EZ insensitivity to ABA. Bars represent 50 µm. Error 








Figure 16. Auxin signalling inhibition represses AUX1/PIN2/PIN7-dependent auxin 
transport within 3.5h 
(A) p-chlorophenoxyisobutyric acid (PCIB), a chemical inhibitor of auxin response which 
stabilises AUX/IAAs, downregulate AUX1-YFP, PIN2-GFP and PIN7-GFP abundance. (B) 
Relative Intensity of quantified PINs-GFP fluorescence under 3.5h PCIB treatment. Bars 
represent 50 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (PCIB, 







Figure 17. PCIB  represses basipetal auxin transport at the root tip within 3.5h 
(A) Endogenous auxin biosynthesis at the QC of the root tip with the WOX5::IAAH 
harbouring DR5::GFP was performed in the presence of IAM. PCIB reduces auxin basipetal 
transport indicated by epidermal DR5 activity and auxin accumulation at the EZ. (B) 
Exogenous auxin application to the root tip by contact with an agar block supplemented with 
IAA and/or PCIB, similarly reveals PCIB repression on epidermal and EZ DR5 auxin 
accumulation. (C) Relative intensity of quantified DR5 fluorescence under PCIB, IAA and 
IAM treatments. Bars represent 50 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; 













Figure 18. Auxin signalling inhibition affects root EZ auxin distribution within 3.5h 
(A) PCIB confers root EZ insensitivity to ABA. (B) PCIB prevents further ABA-mediated 
repression of auxin distribution by the DII-VENUS reporter. Bars represent 50 µm. Error bars 








Figure 19. ABA enhances and stabilises AXR3-1 protein abundance at the root EZ within 
3.5h 
(A) ABA upregulates AXR3-1 protein abundance, visualized by the AXR3::AXR3-1-GFP 
reporter within 3.5h. HS::AXR3-NT-GUS and HS::AXR3-1-GUS roots were heat-shocked 
for 3h, followed by transfer to control or ABA agar plates for 1h, prior to GUS staining. (B) 
Relative fluorescence were quantified for the root meristem and EZ respectively. (C) Western 
blot analyses of root tip protein extracts reveal ABA enhances AXR3-NT-GUS and AXR3-1-
GUS abundance within 1h post-transfer to ABA following 3h heat shock induction. Bars 

















(A-G) Heat shock of the HSP18.2 promoter driven AXR3-1:GUS protein fusion leads to 
downregulation of AUX1 and PIN1s/2/3/7, visualised by the PINs-GFP reporters at 3.5h post 
heat shock. When treated in the presence of ABA, PIN2 and PIN7 are still sensitive to ABA 
post-transcriptional regulation. (H) Relative fluorescence were quantified for the root 
meristem and EZ respectively. Bars represent 50 µm. Error bars denote S.E.M. (*, **; P < 
0.05, P < 0.01; ANOVA). (ABA; 10 µM) 
 
Figure 21. axr3-1 signalling mutant affects auxin transporter abundance 
(A) AXR3-1 stabilizing mutation leads to downregulation of AUX1 and PIN1s/2/3/7, 
visualised by the PINs-GFP reporters. Insets indicate the green channel of PIN2-GFP. Bars 










Figure 22. Elevated AXR3 or stabilized AXR3-1 protein levels reduces root EZ sensitivity to 
ABA within 3.5h 
(A) Increased AXR3 or stabilized AXR3-1 protein abundance abolishes root EZ sensitivity to 








Figure 23. Spatiotemporal effect of ABA and auxin signalling inhibition on root EZ 
sensitivity to early ABA response 
(A) Overview of the GAL4-GFP Enhancer Trap and Tissue-specific Gene Promoter 
Expression lines exhibiting expression in lateral root cap/epidermis (J0951), epidermis/cortex 
(PIN2), cortex (CO2), cortex/endodermis (J0571), endodermis (Q2500), pericycle 
(CYCD4;1/J0121), stele/pericycle (Q0990), lateral root cap (J3411) and QC (WOX5). Insets 
display enlarged root tip. (B) Meristematic size remains unaltered for the activator and 
control lines within 3.5h ABA treatment. Reduced root EZ sensitivity to ABA in lines with 
ABI1-1 or AXR3 driven by the J0951, J3411and PIN2 activator lines indicating lateral root 
cap and epidermal tissues are responsive to ABA and auxin-signalling at root elongation zone 
under early ABA response. Bars represent 50 µm. Error bars denote S.E.M. (*, **; P < 0.05, 







Figure 24. Early ABA response of control activator lines and crosses 
(A) Meristematic size remains unaltered for the activator and control lines within 3.5h ABA 
treatment. Control and activator lines and crosses are still sensitive to ABA-mediated root EZ 
restriction with the exception of abi1-1 and axr3-1 semi-dominant signalling mutants. Bars 
represent 50 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (DEX, 







Figure 25. Targeted expression of AUX1 at epidermal and lateral root cap tissues restores 
root EZ sensitivity to ABA in aux1 
(A) Overview of the GAL4-GFP Enhancer Trap and Tissue-specific Gene Promoter 
Expression lines exhibiting expression in lateral root cap/epidermis (J0951), lateral root cap 
(M0013) and columella/lateral rootcap/epidermis (M0028). (B) Complementing AUX1 
driven under M0028 promoters restore root EZ of aux1 mutant sensitivity to ABA. Bars 









Figure 26. Targeted expression of PIN2-GFP at epidermal and lateral root cap tissues 
restores root EZ sensitivity to ABA in pin2 
(A-D) PIN2-GFP proteins driven under CO2, SMB, GL2 and PIN2 promoters (which exhibit 
expression in cortex, lateral root cap, epidermal and all three tissue types respectively) exhibit 
sensitivity to ABA. (E) Relative fluorescence was quantified for the meristematic zone. (F) 
Root EZ of SMB, GL2 and PIN2 but not CO2 driven PIN2-GFP exhibits ABA sensitivity in 
pin2. Bars represent 50 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). 







Figure 27. Cold and salinity exposure represses auxin distribution and transport within 3.5h 
(A-H) Cold and salinity stress leads to reduction of auxin distribution (A-B), visualized by 
the IAA2:vYFP and DR5::nlsYFP reporter (A) at the root meristem and elongation zone. 
However, PINs1/3/4 visualized by PIN-GFPs protein fusions (D, F & G) are not sensitive to 
cold and salinity when treated for 3.5h. With the exception of PIN7-GFP (H) which is not 
sensitive to cold, AUX1-YFP and PIN2-GFP (C & E) are downregulated by cold and salinity 
stress. (I) Relative fluorescence was quantified for the meristematic and elongation zone. 












Figure 28. Salinity stress induced cellular toxicity poses challenges to root development 
analyses within 3.5h 
(A) Salinity stress exposure leads to cytotoxicity and massive cell death at high salt 
concentrations visualized under propidium iodine (PI) staining. Roots treated for 3.5h at 50 
mM NaCl displayed slight cell death compared to 100 mM and 140 mM. At least 25 four-
day-old roots were measured for each assay with a min. of three replicate experiments. 
(NaCl; 50-140 mM respectively).  
 
Figure 29. Induction of AXR3-1 protein abolishes root EZ sensitivity to ABA, cold and 
salinity within 3.5h 
(A) Treatment under salinity and cold results in root EZ restriction for wild-type and axr3-8 
mutant. Induction of AXR3-1 protein, which reduces auxin transport and distribution, 
abolishes root EZ sensitivity to cold and salinity stress. HS::AXR3-1-GUS roots were heat-
treated for 2h at 37°C prior to control and salt treatment at 22°C or cold treatment at 4°C. 








Figure 30. Targeted inhibition of ABA signalling in epidermal and lateral root cap abolishes 
root EZ sensitivity to cold and salinity within 3.5h 
(A-B) Reduced root EZ sensitivity to cold and salinity in lines with ABI1-1 and AXR3 driven 
by the J0951 and J3411 activator lines indicating epidermal and/or lateral root cap tissues are 
responsive to cold and salinity. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; 







Figure 31. Early cold and salinity response of control activator lines and crosses 
(A-B) Meristematic size remains unaltered for the activator and control lines under 3.5h cold 
or salinity treatment. (B) Control and activator lines and crosses are still sensitive to cold or 
salinity mediated root EZ restriction. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; 








Figure 32. Pharmacological inhibitors effect on root elongation zone size during early abiotic 
stresses 
(A-B) Pharmacological interference of ABA signalling, auxin signalling or auxin transport 
confers reduced sensitivity of root elongation zone to salinity and cold treatment within 3.5h. 
Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (1-NOA, Auxinole, K252a, 








Figure 33. Model for root EZ size regulation by ABA/Auxin interaction 
Auxin levels in planta is sustained by local root auxin biosynthesis and auxin transport from 
the shoot through the acropetal pathway involving PIN1/3/4/7 as well as the basipetal 
pathway involving AUX1 and PIN2. ABA represses auxin abundance at the EZ through (1) 
induction of AXR3-mediated AUX/IAA auxin signalling which leads to a reduction of auxin 
transport and thus auxin abundance, and (2) a repression of AUX1/PIN2-facilitated basipetal 
transport. While ABA also regulates a specific acropetal auxin efflux transporter, PIN7, the 
acropetal auxin flow could still be partially sustained by PIN1/3/4. The basipetal pathway on 
the other hand is more sensitive to inducible tissue specific perturbation of ABA  signalling 
specifically at the lateral root cap and epidermal domains, which are key tissues coordinating 
auxin basipetal transport, and not specifically at the stele tissues that coordinate acropetal 
auxin transport. Furthermore, during early ABA events on root elongation zone restriction, 
the ARF signalling, DR5 output as well as key stem cell regulatory genes at the meristem are 
not differentially regulated, indicating that ABA regulates root EZ specifically by indirectly 







Figure 34. ABA, cold and salinity stress regulates root elongation through AUX1 and PIN2 
within 3.5h 
(A-B) PM PIN2-GFP (A) and AUX1-YFP (B) abundance is post-transcriptionally 
downregulated under ABA or environmental stress exposure within 3.5h in the presence of 
cycloheximide (CHX), which inhibits de-novo protein synthesis. (C-D) Relative PM intensity 
of PIN2-GFP and AUX1-YFP fluorescence quantified for the first elongating epidermal cell 
in roots treated under ABA, cold and salinity. (E) Roots deficient in AUX1 and PIN2 exhibit 
EZ insensitivity to ABA, cold and salinity. Bars represent 15 µm. Error bars denote S.E.M. 








Figure 35. Effect of transcriptional activity and denovo protein synthesis on PM AUX1-YFP 
and PIN2-GFP abundance within 3.5h 
(A & C) PM AUX1-YFP and PIN2-GFP abundance downregulation persist under ABA in 
the presence of cycloheximide (CHX), which inhibits de-novo protein synthesis, or 
cordycepin (COR), which inhibits transcription, respectively in 3.5h. (B & D) Relative 
intensity of AUX1-YFP and PIN2-GFP fluorescence quantified for the first elongating 
epidermal cell at the elongation zone. Bars represent 15 µm. Error bars denote S.E.M. (*, **; 








Figure 36. ABA regulates PIN2-GFP abundance post-transcriptionally within 3.5h 
(A-B) ABA downregulates 35S- and PIN1-driven PIN2-GFP protein abundance in the 
presence of CHX. (C) Relative intensity of PIN2-GFP fluorescence quantified for the at the 
meristematic and elongation zone respectively. Bars represent 15 µm. Error bars denote 
S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (CHX, ABA; 50, 10 µM respectively).  
 
 
Figure 37. ABA does not alter the abundance of the PM-resident PIP1;4 protein within 3.5h 
(A) PM PIP1;4-YFP abundance is not altered under ABA, salinity or cold in the presence of 
cycloheximide (CHX), which inhibits de-novo protein synthesis. (B) Relative PM intensity of 
PIP1;4-YFP fluorescence quantified for the first elongating epidermal cell in roots treated 
under ABA, cold and salinity. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P < 








Figure 38. ABA promotes clathrin-dependent endocytosis of PM PIN2-GFP protein within 
3.5h 
(A) ABA promotes endocytosis visualised by the endocytotic tracker FM 4-64 in the 
presence of CHX. (B) Relative intensity of FM4-64 labelled endocytic vesicles quantified for 
the first elongating epidermal cell in roots treated. (C) Treatment with dynasore and Tyr A23 
(inhibitor for clathrin-mediated endocytosis) but not its non-active analog (Tyr A51) 
abolishes root EZ sensitivity to ABA. Seedlings were pre-treated and then co-incubated in the 
presence of cycloheximide (CHX) for 30 min. Bars represent 15 µm. Error bars denote 
S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (CHX, FM4-64, Dyna, TyrA23, TyrA51, ABA; 








Figure 39. Effect of inhibitors of clathrin-mediated endocytosis on PM AUX1-YFP and 
PIN2-GFP abundance within 3.5h 
(A-B) Treatment with inhibitor for clathrin-mediated endocytosis, dynasore and Tyr A23, in 
the presence of ABA and CHX, abolishes ABA-mediated PM PIN2-GFP and AUX1-YFP 
endocytosis within 3.5h. Both PM PIN2-GFP and AUX1-YFP under treatment with Tyr A51, 
a non-active analog for Tyr A23, remains sensitivity to ABA. (C) Relative PM intensity of 
PM PIN2 and AUX1 fluorescence quantified for the first elongating epidermal cell in roots. 
Seedlings were pre-treated and then co-incubated in the presence of cycloheximide (CHX) 
for 30 min. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; 








Figure 40. ABA promotes clathrin-dependent endocytosis of PM AUX1-YFP and PIN2-GFP 
protein within 45 min  
(A-B) Short-term treatment with inhibitors of clathrin-mediated endocytosis, dynasore and 
tyr A23 for 45min, in the presence of ABA and CHX, reduced the BFA accumulation of 
endocytosed PM PIN2-GFP (A) and AUX1-YFP (B). Seedlings were pre-treated and then co-
incubated in the presence of cycloheximide (CHX) and BFA for 45min. Bars represent 15 
µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (CHX, Dyna, Tyr A23, 








Figure 41. Treatment with 1-NOA but not NPA reduces ABA effects on auxin distribution at 
the EZ within 3.5h 
(A) Treatment with inhibitors of auxin transport, 1-NOA (auxin influx) and NPA (auxin 
efflux), in presence of ABA treatment downregulates auxin distribution, visualised by 
IAA2::vYFP reporter at the meristem and elongation zone abundance. 1-NOA treated but not 
NOA-treated roots exhibits abolished ABA sensitivity on root EZ auxin distribution. (B) 
Relative intensity of IAA2::YFP fluorescence quantified for the at the meristematic and 
elongation zone respectively. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P < 








 Figure 42. aux1 and pin2 are less sensitive to early ABA effects on auxin distribution 
(A) ABA treatment downregulates auxin distribution, visualised by IAA2::vYFP reporter at 
the meristem and elongation zone abundance. (B-C) Mutants deficient in AUX1 and PIN2, 
with reduced auxin distribution, are insensitive to ABA. (D) Relative intensity of IAA2::YFP 
fluorescence quantified for the at the meristematic and elongation zone respectively. Bars 








Figure 43. ABA reduces the effects of NAA-inhibition of PM AUX1-YFP and PIN2-GFP 
endocytosis within 45 min 
(A) BFA-induced internalization of PM AUX1-YFP (A) and PIN2-GFP  (B) proteins under 
ABA was enhanced at the elongating epidermal cells respectively in the presence of low 
‘NAA&’ and high ‘NAA#’ (endocytotic) inhibitory concentrations. Seedlings were pre-
treated and then co-incubated in the presence of cycloheximide (CHX) and BFA for 45min. 








Figure 44. ABA promotes endocytosis independent of TIR/AFB auxin perception within 
3.5h 
(A) ABA promotes endocytosis in tir1afb123 mutants visualised by the endocytotic tracker 
FM 4-64 in the presence of CHX. Seedlings were pre-treated and then co-incubated in the 
presence of cycloheximide (CHX) for 30min. Bars represent 15 µm. (CHX, FM4-64, ABA; 
50, 2.5, 10 µM respectively) 
 
Figure 45. Disrupting auxin perception abolishes ABA effects on root EZ reduction and 
PIN2 downregulation within 3.5h 
(A) Treatment with PEO-IAA and auxinole, selective antagonist of TIR1 auxin perception, 
abolishes root EZ sensitivity to ABA. (B) PM PIN2-GFP levels of roots treated with PEO-
IAA and auxinole are sensitive to ABA downregulation. (C) Relative intensity of PIN2-GFP 
fluorescence quantified for the elongation zone, in the presence of PEO-IAA or auxinole, 
together with ABA. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 







Figure 46. PM PIN2-GFP abundance is lower under co-treatment with PCIB and ABA 
compared to ABA alone 
(A) Treatment with PCIB, confers stability to AUX/IAAs, does not abolish sensitivity of PM 
PIN2-GFP to ABA. (B) Relative intensity of PIN2-GFP fluorescence quantified for the 
elongation zone, in the presence of PCIB, under ABA treatment. Seedlings were pre-treated 
and then co-incubated in the presence of cycloheximide (CHX) for 30min. Bars represent 15 
µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (CHX, PCIB, ABA; 50, 








Figure 47. PIN2-GFP abundance remains sensitive to ABA following induction of stabilized 
AXR3-1 within 3.5h 
(A) Induction of AXR3-1 protein leads to downregulation of PIN2-GFP, which is still 
sensitive to further downregulation under ABA. (B) Relative intensity of PIN2-GFP 
fluorescence quantified for the elongation zone, following  AXR3-1 induction, under ABA 
treatment. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; 








Figure 48. Interference with protein degradation abolishes early ABA effects on root EZ  
(A) Treatment with MG132 reduces root EZ sensitivity to ABA within 3.5h. Error bars 








Figure 49. PLDζ2 regulated vesicular trafficking facilitates early ABA effects on auxin 
transporter trafficking 
(A) ABA enhances PLDζ2 transcription at the epidermal and cortical tissues of root meristem 
at 3.5h. (B) Relative GUS intensity of PLDZ2 at the MS and EZ under 3.5h ABA. (C) 
Relative expression of PLDZ2 is increased under 3.5h ABA treatment. (D) pldζ2 mutant 
exhibit EZ insensitivity to ABA, cold and salinity. (E) Reduction of PIN2-GFP membrane 
abundance was significantly reduced in pldζ2 compared to control. (F) Relative intensity of 
PM PIN2-GFP fluorescence quantified for the first elongating epidermal cell in roots treated 
in the presence of cycloheximide (CHX). Relative reduction of PM PIN2-GFP between 
control and ABA treated.. Seedlings were pre-treated and then co-incubated in the presence 
of cycloheximide (CHX) for 30min. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P 








Figure 50. ABA promotes PM AUX1-YFP and PIN2-GFP actin-dependent cellular 
trafficking within 45min 
(A) BFA-induced internalization of PM AUX1-YFP (A) and PIN2-GFP. (B) proteins under 
ABA was reduced at the elongating epidermal cells respectively in the presence of inhibitors 
of actin-dependent cellular trafficking tri-iodobenzoic acid (TIBA) and latruculin B (LatB) 
but not under the microtubule depolymerisation inhibitor oryzalin (ORZ). Seedlings were 
pre-treated and then co-incubated in the presence of cycloheximide (CHX) and BFA for 








Figure 51. ABA promotes PM AUX1-YFP and PIN2-GFP actin-dependent cellular 
trafficking within 3.5h 
(A & C) PM PIN2-GFP (A) and AUX1-YFP (C) proteins under ABA was reduced at the 
elongating epidermal cells respectively in the presence of inhibitors of actin-dependent 
cellular trafficking Cytochalasin D (CytD), latruculin B (LatB) and tri-iodobenzoic acid 
(TIBA) but not under the microtubule depolymerisation inhibitor oryzalin (ORZ). (B & D) 
Relative intensity of PM PIN2-GFP and AUX1-YFP fluorescence quantified for the first 
elongating epidermal cell in roots. Seedlings were pre-treated and then co-incubated in the 
presence of CHX. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; 









Figure 52. ABA does not enhance PIN2-GFP vacuolar trafficking and degradation within 
3.5h 
(A) Reduction of ABA-mediated PM PIN2-GFP proteins persist under dark treatment, in the 
presence of CHX. (B) Relative PM PIN2 intensity was downregulated under ABA in the 
presence of dark, despite no change in the relative intensity and no. of PIN2-labelled 
vacuoles. (C) Treatment with wortmannin exhibits reduction of PM PIN2-GFP abundance 
under ABA, in the presence of CHX. (D) Relative PM PIN2 abundance was downregulated 
under wortmannin in the presence of ABA. (E) Interference with protein degradation by 
MG132 exhibits reduction of PM PIN2-GFP abundance under ABA, in the presence of CHX. 
(F) Relative PM PIN2 intensity was downregulated under ABA in the presence of dark, 
despite no change in the relative intensity and no. of PIN2-labelled vacuoles. Seedlings were 
pre-treated and then co-incubated in the presence of CHX. Bars represent 15 µm. Error bars 
denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (CHX, WM, MG132, ABA; 50 mM, 30, 







Figure 53. ABA enhances PM AUX1-YFP and PIN2-GFP internalisation and accumulation 
into BFA bodies within 3.5h 
(A-B) Reduction of ABA-mediated PM AUX1-YFP and PIN2-GFP proteins persist under 
BFA treatment, in the presence of CHX. (C) Relative PM AUX1 and PIN2 was 
downregulated under ABA in the presence of BFA. (D) ABA treatment leads to an increase 
in AUX1- and PIN2-labelled BFA bodies/cell. (E) ABA enhances the frequency of BFA 
bodies/cell. (F) Treatment with BFA abolishes further sensitivity of PM PIN2-GFP to ABA. 
Seedlings were pre-treated and then co-incubated in the presence of CHX. Bars represent 15 
µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (CHX, WM, MG132, 







Figure 54. ABA interferes with recovery of PIN2-GFP from BFA bodies to the PM under 
25µM BFA  
(A) Reduction of ABA-mediated PM PIN2-GFP proteins persist under BFA treatment (25 
µM interferes with recycling), in the presence of CHX, leading to its accumulation in BFA 
bodies. Following BFA washout and allowed for recovery in light, BFA bodies were still 
observed under ABA treatment compared to control. (B) Relative PM PIN2 intensity was 
downregulated under ABA in the presence of BFA and CHX. (C) Relative Intensity of PIN2-
GFP labelled BFA bodies is enhanced under ABA under light recovery, in presence of CHX. 
Seedlings were pre-treated and then co-incubated in the presence of CHX. Bars represent 15 







Figure 55. ABA interferes with recovery of PIN2-GFP from BFA bodies to the PM under 
50µM BFA 
(A) Reduction of ABA-mediated PM PIN2-GFP proteins persist under BFA treatment (25 
µM interferes with vacuolar and recycling trafficking), in the presence of CHX, leading to its 
accumulation in BFA bodies. Following BFA washout and allowed for recovery in light or 
under dark (dark induces vacuolar degradation), BFA bodies were still observed under ABA 
treatment compared to control. (B) Relative PM PIN2 intensity was downregulated under 
ABA in the presence of BFA and CHX. (C) Relative Intensity of PIN2-GFP labelled BFA 
bodies is enhanced under ABA during both light and dark recovery, in presence of CHX. 
Seedlings were pre-treated and then co-incubated in the presence of CHX. Seedlings were 
pre-treated and then co-incubated in the presence of CHX. Bars represent 15 µm. (CHX, 







Figure 56. Disruption of recycling by ES1 and ES5 enhances PIN2-GFP accumulation in 
their respective bodies during early ABA response 
(A-B) Reduction of ABA-mediated PM PIN2-GFP proteins persist at the meristematic (A) or 
elongation zone (B) under ES1 (an inhibitor of endosomal recycling) treatment, in the 
presence of CHX. (C) Relative PM PIN2 intensity was downregulated under ABA in the 
presence of ES1, despite an increase in no. of PIN2-labelled ES1 recycling endosomal bodies. 
(D-E) Reduction of ABA-mediated PM PIN2-GFP proteins persist at the meristematic (A) or 
elongation zone (B) under ES5 (an inhibitor of endosomal recycling) treatment, in the 
presence of CHX. (F) Relative PM PIN2 intensity was downregulated under ABA in the 
presence of ES1, despite no alteration in no. of PIN2-labelled ES5 recycling endosomal 
bodies. Relative Intensity of PIN2-GFP labelled ES5 bodies is increased under ABA. 
Seedlings were pre-treated and then co-incubated in the presence of CHX. Bars represent 15 
µm. Error bars denote S.E.M. (*, **; P < 0.05, P < 0.01; ANOVA). (CHX, ES1, ES5, ABA; 






   
Figure 57. Disruption of recycling by ES1 and ES5 confers reduced root EZ sensitivity to 
early ABA response 
(A) Treatment with ES1 and ES5 (inhibitors of endosomal recycling) leads to a reduction in 
sensitivity of root EZ to ABA.. Bars represent 15 µm. Error bars denote S.E.M. (*, **; P < 








Figure 58. Expression of PIN polarity regulators WAG1, WAG2 and PID during early ABA 
response 
(A-C) ABA does not transcriptionally alter the expression of PIN polarity regulators WAG1, 
WAG2 and PID. (D) Relative intensity of GFP fluorescence quantified at the MS and EZ 







Figure 59. Model illustrating early ABA regulation of PM AUX1 and PIN2 endocytosis, 
cellular trafficking and recycling 
(A) ABA promotes while auxin inhibits AUX1 and PIN2 clathrin-mediated endocytosis at the 
PM. ABA-dependent PM-resident AUX1-YFP and PIN2-GFP  turnover requires actin-
dependent trafficking of AUX1 and PIN2 proteins. Dark-induced vascularization and 
degradation of AUX1-YFP and PIN2-GFP is not affected under ABA though downregulation 
of AUX1 and PIN2 membrane abundance persist. Interference of MVB/PVC to vacuolar 
trafficking by wortmannin (WM) exhibits AUX1 and PIN2 membrane abundance 
downregulation under ABA. Disruption of AUX1 and PIN2 recycling by BFA (25 µM, 
recycling inhibitory concentration), ES1 or ES5 leads to their enhanced accumulation in 
BFA, ES1 or ES5 bodies. BFA-accumulated AUX1 and PIN2 recycles to the PM following 
BFA washout, but drastically reduced under ABA. Under higher BFA (50 µM, recycling and 
vacuolar trafficking inhibitory concentration),  increased BFA-accumulated AUX1-YFP and 
PIN2-GFP exhibits reduced recovery under dark (promotes vacuolar trafficking and 
degradation) and compared to under light conditions. Taken together, ABA regulates the 
endocytosis, cellular trafficking and recycling of these auxin transporters under less favorable 
growth conditions to reduce inter- and intra-cellular auxin distribution, to coordinate plant 
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